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Under  th#  provision*  of  Contract  Ho,  Ndnr-li?2{Q0), 

Coleman  Engineering  Company.  hie,  * conducts*  agon* 

*r  alias*  study  of  fits  Asrojst-Gensral  Corporation's 
HydrcxWct  missile.  it*  performance,  sad  its  capabilities 
**  «b  aadcmkr  weapon.  Th*  work  was  carried  on*  • 

daring  Iks  period  13  March  1953  to  14  December  1953 
tor  Iks  Offict  of  Naval  Research  sad  Iks  Bars  an  of 
Ordnance.  This  report  present*  to*  result*  sad  findings 
( i of  to*  study,  sad  its  submittal  rsprassnts  completion  of 

to*  contract  as  amsndsd  by  Amendment  No.  1 thereto.  t 
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A.  INTRODUCTION 


Presented  in  this  report  ers  the  result*  of  & breed  end  generalised  study 
of  the  Aerojet-General  Corporation**  “Hydroduct"  missile*  This  work  was 
undertaken  in  March  19S3  Tor-  the,Qffleft-ef -Naval -Research  and  the  Bureau 
of  Ordnance,  and  was  cam  pleiad  in  December  1953* 

Briefly,  the  Hydroduct- is  a high  speedy  under  water- mia  sile  operating  in 
die  maimer  of  aa  unguided  rooketv  It  waa  developed  specifically  for  under- 
water operation  and  utilises  the  ceamsiw  of  intake  sea  water  to  steam  by 
(he  heat  of  reaction  of  a turning  propellant  known  aa  J,Ald«**,  a mixture  of 
powdered  «t«mhnm  and  potassium  perchlorate.  It  is  propelled  by  a high 
velocity  “vapor <*jetM  consisting  of  the  steam  and  (he  products  of  combustion, 
the  former  being  folly  condensible  and  the  latter  dispersed  as  minute  solid 
particles . Current  versions  of  the  Hydroduct  are  designed  for  speeds  as 
high  as  ISO  knots  without  cavitation  at  depths  greater  thsn  SO  feet,  and  as 
s result  ballistic  dispersion  is  ostensibly  low.  Although -it*  present  power 
plant  configuration  is  inoperable  at  depth*  greater  than  300  -feet,  a modified 
version  now  under  development,  known  as  (he  "Hydr  eductor",  is  considered 
capable  of  operation  to  depths  of 4000  feeder  more. 

Although  no  operational  versions  have  been  fabricated  aa  yet,  a 4. 5-inch 
diameter  test  vehicle  has  undergone  tests  at  both  the  San  Clemente  Island 
test  facility' and  the  Morris  Dam  Torpedo  Range.  Two  operational  versions 
have  been  proposed  for  ASW  use*  . One  of  these  is  designed  to  carry  a 
35-pound  contact-fused  warhead,  with  a minimum  powered  range  of  1000 
yards.  This  version  is  nine-inches  in -diameter,  72  inches  in.  length,  and  has 
sn  approximate  weight  in  aix-of  ilS  pounds.  The  other  version  is  scaled 
•lightly  larger,  with  n maximum  liifcmsteT  of  10  inahes,  to  accommodate  a 
SC-pound  warhead. 

The  missile  iteeli  is  extremely- simple  in  both  principleend  design,  has 
no  moving  parts,  and  r*Uw  « m •tsotnastth  in  its  flight.  It  is,  howsver, 
inoperable  without  sufficient  nn  pressure  to  enable  the  flow  of  inlet  water- 
into  the  combustion  chamber ,and therefore  requires  iniiiabbeost  before  free 
flight  can  be  sustained. ... 

A mere  detailed  description  -of  the -Hydroduct  and  its  .performance  is  given  - 
later  in  the  report. 
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b*  poapossor  the study 


Objectively,  the  uteidy  was  in  part  e generalised  investigation  ci  the  basic 
problems  o f developing  and  utilising  complate  Hydroduct  weapon  systems. 

Its  principle  object,  however,  was  examination  of  the  missile  itself,  its  per- 
formance sad  ballistic  behavior,  and  investigation  of  certain  hydrodynamic- 
aspects  of  the  ballistics  problems.  The  effects  of  cross  currents  and  tip-off 
wars  at  particular  interest  because  it  was  thought  possible  feat  a serious  de- 
gradation of  performance  might Ira  caused  thereby,  and  since  such  effects 
were  not  experienced  under- controlled  test  conditions  an  analytical  inves- 
tigation was  desired. 


« O 


While  fee  principle  emphasis  cf  fee  study  was  placed  on  fee  performance 
of  fee  missile  itself,  an  effort  was  made  to  examine  fee  over-all  aspects  of- 
complete  weapon  systems  and  certain  operational  problems  involved . This 
portion  cf  the  study  was  limited  in  extent  and  sought  only  to  investigate  some 
of  fee  fundamental  problems  and  basic  considerations . It  should  be  pointed: 
out  feat  fee  study  was  not  intended  to  be  an  "evaluation"  cf  fee  Hydroduet, 
nor  an  attempt  to  prove  or  disprove  fee  feasibility  of  any  application.  It  was 
not  of  sufficient  scope  or  extent  for  such  purposes.  While  fee  results  clearly 
pertain  to  fee  questions  of  feasibility  and  may  be  helpful  in  appraising  fee 
weapon's  potential  worth,  it  should  be  apparent  feat  considerable  appended 
effort  would  be  required  before  an  evaluation  of  the  effectiveness  of  complete 
Hydroduet  weapon  systems  could  be  made. 
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C.  RESVmE  OP  STUDY  ACTIVITY 


* 0 


Work  commenced  -In  April  1913  with  a general  examination  of  the  Hydro* 
duct  missile*  and  a roview  at  its  development  history*  The  period  from 
April  to  Judy  was  spent  primarily  in  general  study  of  reference  material  awl* 
definition  of  problems  associated  with  use  of  such  a weapon*  awing  July* 
visits  were  made  to  a number  of  agencies,  both  government  and  private*  for* 
discussions  of  problems  associated  with  the  Hydroduct  and  its  possible  appii<*> 
cations . These  visits  included  the  followingt 


Bureau  of  Ordnance 
Evaluation  and-  Analysis  Group 
Washington,  D.  C. 

Bureau  of  Ordnance 
Underwater  Ordnance  Fire  Control 
Washington,  D.  C. 

Bureau  e£  Ships 

Submarine  Sonar  Design  Section 
D.  C 


California  Institute  of  Technology 
Pasadena*  California 

David  Tailor  Model  Basin 
Washington*  D.  C. 

Office  of  Chief  of  Naval  Operations 
Washington*  D,  C* 

Office  of  Chief  of  Neva!  Operations 
Operations  Evaluation  Croup 
Washington,  D*  C. 


Office  of  Naval  Research 
Armament  Branch 
Washington,  D.  C, 

Ordnance  Research  Laboratory 
Pennsylvania  State  College 
State  College*  Pennsylvania 

Naval  Ordnance  Test  Statio  & 
Thompson  Laboratories 
Pasadena*  California 

Naval  Research  Laboratory 
Special  Devices  Section 
Washington,  D.  C« 

Stevens  Institute  of  Technology 
Hoboken*  Near  Jersey 

Submarine  Development  Group  2 - 
Now  London*  Connecticut 

C*S»  Nevy  Underwater  Sound  Lab;* 
NSW  London,  Connecticut 


Th*  purpose- of  these  visits  was  to  obtairuinformaiion*. data*  and  reference  - 
material  on  thuYeilOwiag  subjects) 

Hydrodynamic  data  appltcable-io  tho  Hydroduct  missile, 

e 

Chaorastariatlus  of  sonar  and  other  gear  associated  with  target 
detection,  tracking*  and  fire  control* 

Tks  characteristics  and  performance*  particularly  maneuvera- 
bility* of  submarines  . 
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Vulnerability  of  submarine*  and  possible  surface  vessel  targets. 

Tactical  situations  in  pro*  and  antisubmarine  warfare  in  which 
short  range,  high  speed,  unguided  missiles  of-the  Hydroduct 
type  might  prove  to  be  an  effective  weapon. 

Characteristics,  capabilities,  and  limitations  of  torpedoes  and 
other  underwater  weapons. 

Possible  "secondary*1  uses  of  Hydroduct  rniesiioseuch  -as  anti- 
submarine use,  ha  -bor  defense,  etc. 

Much  of  the  information  sought  was  intended  as  background  material  to  » 
assist  in  further  definition  of  Hydroduct -system  problems.  The  comments, 
opinions,  and  suggestions  of  personnel  contacted  were  very  helpful  and  a 
considerable  amount  of  reference  material  was  recommended,  which  the 
Office  of  Naval  Research  thereafter  sought  to  obtain  for  the -study's  use. 
Although  time  and  availability  did  not  permit  receipt  of  all  material  recom- 
mended* a considerable  amount  was  obtained  and  reviewed  to  the  extent  per- 
mitted by  the  time  remaining. 
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D.  SUMMARY 


The  examination  undertaken  in  this  study  of  the  hydrodynamic  and  ballie- 
tie  properties  o£  the  Hydroduct,  and  of  possible  degrading  effects  in  actual 
operational  conditions  as  opposed  to  the  "ideal"  conditions  of  controlled  test 
programs,  does  not  indicate  that  the  missile’s  performance  would  suffer  a 
serious  degradation.  The  disturbing  effects  of  cross  currents  and  tip-off  at 
launching  produce  deviations  of  the  missile's  flight  path  which  are  predict- 
able iz»  direction  and  magnitude.  The  dynamic  characteristics  of  die  Hydro- 
duet  tend  to  minimise  the  effects  of  these  disturbances , and  a wide  range  of 
operating  conditions  would  be  -available  wife  minimum  correction  of  bias  duo 
to  cross  stream  and  tip-off.  However,  under  certain  circumstances  of 
vehicle  end  launcher  motion,  the  effects  of  ouch  deviations,  if  not  compen- 
sated, could  appreciably  reduce  hit  probabilities,  sad  under  such  conditions 
die  fire  control  system  should  be  equipped  to  provide  the  necessary  compen- 
sation in  computing  the  desired  aiming  point. 

The  possibility  of  random  factors  being  introduced  by  these  effects,  such 
that  compensation  could  not  he  made  in  fire  control  end  aim,  is  the  real  basis 
for  concern.  Although  there  is  a degree  of  uncertainty  in  this  regard  that 
cannot  be  resolved  by  analytical  study  alone,  no  theoretical  reasons  for  ex» 
pectafien  of  increased  dispersion  due  to  either  cross  currents  or  tip-off  at 
launching  have  been  found  in  this  etudy^snd  it  appears  a reasonable  conclu- 
sion that  such  uncertainty  is  of  relatively  minor  consequence  to  the  weapon's 
probable  operational  performance  and  effectiveness.  Mutual  interaction 
•ffecta  between  two  or  more  missiles  fired  in  close  proximity  to  one  another 
mi^it  introduce  random  effects,  but  ripple  fire  in  place  of  actual  salvos 
should  reduce  such  effects  to  negligible  levels  without  having  appreciable  in-  - 
flneace  on  hit  probabilities. 

The  missile's  characteristics  appear  to  make  it  inherently  capable  of 
highly  accurate  flight,  end  limited  teste  of  the  4. 5-inch  test  version  tend  to 
verify  this  belief.  While  n sufficient  number  of  teats  has  not  been  made  as 
yet  for  precise  statistical  determination  cf  ballistic  dispersion,  the  teste  indi- 
cate definite  promise  of  low  dispersion,  sad  values  as  low  as  10  mils  later**- 
•tty  perhaps  no  mere  than  15  mils  vertically  appear  to  be  reasonable 
possibilities,  especially  considering  the  expectation  of  farther  improvement  - 
over  the  pest  and  present  test  versions  < 

It  is  the  general  conclusion  of  this  study  that  the  Hydroduoi  missile  is  to  it- 
self fundamentally  sound,  and  capable  of  high  performance  under  actual  opera* 
fienal  conditions.  The  major  arena  of  doubt  regarding  its  potential  worth  as 
an  underwater  weapon  do  not,  therefore,  appear  to  lie  4a  the  performance  of 
the  missile,  but  in  the  uncertainties  of  ether  components  of  complete  weapon 
systems  and  in  die  effects  of  these  uncertainties  on  over-all  system  perform- 
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ance.  A#  an  unguided  missile,  the  Hydroduct  must  rely  on  adequate  aiming, 
aad  as  a weapon  of  limited  range  its  value  depends  heavily  upon  the  oppor- 
tunity that  exists  or  can  be- created -for  its  use.  The  definition  of  specific 
applications  and  the  development  of  suitable  tactics  are  therefore  of  funda- 
mental concern  for  both  evaluation  of  the  weapon  and  for  delineation  of  iyi* 
tem  requirements , 

Given  en  attacking  opportunity,  the  accuracy  with  which  the  missile  can  be 
aimed  become#  the  critical  factor  in  the  weapon  system's  performance.  The 
problem  of  aiming  has  two  more -or  less  .distinct  aspects  -•  the  determine*, 
tion  of  the  deeired  point  of  aim,  which  depends  upon  the  sonar  and  fire  con* 
troi  systems,  and  the. accomplishment  of  that  desired  aim,  which  involves' 
tire  maneuver  ability  and  controllability  of  the  firing  vehicle  and  the  mechan- 
ics of  the  launching  system. 

A generalised  examination  of  the  ovor-all  aspects  of  tactical  applications, 
weapon  system  components,  and  the  principal  factor#  affecting  the  system 
performance  was  conducted  and  is  described  in  the  text  of  this  report.  Be- 
cause of  its  broad  scope,  any  attempt  to  summarise  Ghat  material  here  would 
be  repetitious,  and  reference  to  the  text  should  be  made  for  discussion  of  the 
results  of  that  portion  of  Hie  study. 

The  body  of  the  report  is  presented  in  sections  for  ease  of  reference  to 
individual  subjects  of  interest.  Section  11  includes  a description  of  the  Hydro- 
duet  missile  and  a general  discussion  of  various  considerations  and  problem# 
believed  fundamental  to  development  and  synthesis  of  complete  weapon  sys- 
tems. Discussion  of  possible  applications  in  pro-  end  antisubmarine  warfare 
and  of  fire  control  problems  and  launching  means  la  included.  Section  1X1 
describee  the  results  of  study  and  analysis  of  die  hydrodynamic  and  ballistics 
problems,  including  die  effects  of  cross  currents  and  tip-off  and  other  possi- 
ble causes  of  deviation  and  ballistic  dispersion.  Section  IV  presents  a brisf 
discussion  and  the  results  of  a limited  analytical  investigation  of  the  possible 
effects  of  dispersion  and  various  system  errors  on  weapon  system  effective- 
ness. A number  of  appendices  containing  mathematical  derivations  follow  the 
text,  these  having  been  separated  to  avoid  redundancy  in  the  discussions. 

With  regard  to  recommendations  concerning  the  needs  and  directions  of 
briber  efforts  to  develop  and  exploit  the  Hydroduct,  much  is  either  expressed 
or  implied  throughoufc  the  test  of  the  report  and  need  not  be  repeated  in  detail 
here.  In  general,  it  appears  that  continued  activity  should  include  further 
testa  of  Hie  missile  to  enable  the  development  of  optimum  physical  configura- 
tions and  to  establish  and  confirm  the  magnitudes  of  dispersion  and  bias.  It 
is  also  recommended  that  future  studies  of  complete  Hydroduct  weapon  sys- 
tems be  planned  and  undertaken  to  provide  more  explicit  definition  of  opera- 
tional parameters  than  has  been  possible  within  Hie  limited  extent  of  this  study, 
In  particular,  the  Are  control  problem  should  be  thoroughly  investigated,  acd 
strong  emphasis  should  be  placed  on  design  studies  sad  analyses  of  launching 
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mechani sms.  Such  investigations  would  be  indispeas&bleta  a valid  evalua-  - 
tton  o£  system  performance  and  reliable  determination  of -hit  and  hill  proba- 
bilities , The  broader  operational  analyses  of  tactics  and  the  effects  thereof 
on  system  performance  should  be  coordinated  with  these  investigations,  and 
should  be  considered  an  integral  part  of  any  comprehensive  effort  to  evalu- 
ate the  potential  worth  of  Hydrcduet-wespea  systems. 
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A.  OF  THE  HYOROIJ0GT  MISlSIJLE 


A 'oread  program  of  research  and  development  m uad«rwiUr  propulsive 
devices,  beirj  carried  oat  by  the  Aerojet-General  Corporation  for  the  Office 
of  Naval  Research,  has  included  a variety  of  methods  of  underwater  propul- 
sion. The  term  "hydroduct"  was  adopted  to  identify  those  systems  in  which 
intake  water  ia  integrally  involved  in  producing  thrust,  and  “vapor-jet11  la 
used  to  distinguish  jet  systems  in  which  water  either  react#  with  a hydrofuel 
to  generate  steam  or  is  converted  to  steam  by  the  heat  of  a burning  “propel- 
lant. " One  each  propellant  is  a stoichiometric  mixture  of  powdered  alumi- 
num and  potassium  perchlorate  which,  by  being  compressed  into  a cylindri- 
cal solid  form  and  properly  encased,  can  btf  caused  to  burn  in  toe  manner  of 
a cigarette  at  an  approximate  temperature  of  ?000<>F.  The  abbreviated  term 
“Alclo,J  is  used  ia  reference  to  toe  aluminum-potassium  perchlorate  mixture. 

Despite  the  broad  connotation  of  toe  term  ‘*hydroduct‘l  as  described  above, 
this  report  consider#  toe  "Hydroduet"  missile  to  operate  specifically  on  toe 
combination  of  Alclo,  vapor-jet,  and  hydroduet  principles.  Sea  water  is 
taken  in  under  ram  pressure  through  a small  orifice  in  the  nose,  passes 
through  a diffuser  and  an  axial  tube  in  toe  forward  “warhead"  section  to  the 
center*  or  “propellant11,  section  where  it  bypasses  toe  propellant  through  aa 
annular  channel*  tons  acting  as  a coolant.  It  is  sprayed  on  the  burning  aft 
face  of  toe  Aide  grain,  producing  a vapor- jet  composed  of  steam  and  the 
products  of  combustion*  The  aft*  or  “nennle"*  section  contains  toe  combus- 
tion chamber.  “Mixing " in  toe  combustion  chamber  is  enhanced  by  “tur bo- 
lster rings"  located  forward  of  toe  nosmle.  The  jet  is  fully  condensible*  toe 
combustion  products  being  dispersed  as  minute  solid  particles,  giving  the 
missile  toe  advantages  of  an  essentially  wakeless  flight.  A schematic  sketch 
of  toe  missile  is  shown  on  page  11. 

The  Hydroduci  was  developed  specifically  for  underwater  flight.  It  ia  not 
a rocket  In  toe  true  sense  since  it  depends  on  toe  intake  of  water  under  ram 
pressure  to  produce  thrust,  and  tons  is  more  analogous  to  a "ramjet"  air 
missile.  Sn  purpose  sad  performance,  however*  it  can  be  classified  a “high 
speed*  unguided,  underwater  rocket",  and  thus  offers  itself  for  use  in  appli- 
cations suitable  for  Mitt  weapons. 

In  principle  and  to  construction,  it  is  a relatively  simple  weapon.  It  em- 
ploy* no  moving  parts  and  relies  on  no  instruments  in  its  flight.  Its  flight  is  - 
intended  to  be  highly  accurate  and  precision  to  manufacture  is  therefore  re- 
quired to  minimise  geometric  malalignments  and  assure  consistent  propulsion 
characteristic* . to  any  form  of  mass  production,  however*  Its  simplicity 
should  predominate  as  a coat  factor  and  Hydroducts  are  potentially*  therefore, 
lowcoet  missiles* 
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In  an  effort  to  minimise  the  dispersion,  the  missile  is  intended  to  run 
‘f«Uy  wetted. " To  this  end,  the  "Lyon’s  Fo'r  n A"  was  selected  for  the  body 
shape  to  maintain  minimum  values  of  negative  pressure  coefficients.  It  is 
estimated  that  cavitation  will  not  be  experienced  at  depths  greater  than  about 
50  feet  at  maximum  equilibrium  flight  speeds  of  the  missile.  Present  ver- 
sions employ  a fineness  ratio  of  approximately  9*1.  Three  fins  of  semispaa 
slightly  greater  than  the  body  diameter  arc  relied  on  for  stability  and  are 
slightly  canted  to  the  longitudinal  axis  to  produce  a "slow  spinIJ,  the  purpose 
of  which  is  to  minimize  the  dispersion  due  to  malalignments . In  the  absence 
of  cavitation,  relatively  short  fin  spans  can  be  used  to  provide  the  required 
stability* 

The  flight  path  of  the  missile  is  a ballistic  type  trajectory,  the  shape  of 
which  is  dependent  upon  the  relative  gravity,  buoyancy,  thrust,  lift,  and  drag 
forces  involved.  Thus,  the  range  is  limited  both  by  the  burning  time  of  the 
propellant  and  by  the  extent  of  gravity  drop  in  flight. 

Since  water  intake  is  required  and  sufficient  ram  pressure  must  exist  to 
enable  flu  intake  of  water  against  the  chamber  pressure,  initial  boost  must 
be  provided  in  launching.  It  is  contemplated  that  initial  boost  capable  of  im- 
parting a launching  velocity  somewhat  higher  than  die  "equilibrium  velocity" 
of  the  missile  in  free  flight  will  be  employed.  While  this  imposes  a heavy 
load  on  the  design  of  the  launcher,  it  materially  aids  the  efforts  to  minimise 
dispersions  a ad  deviations  in  the  trajectory  by  eliminating  an  acceleration 
period  and  initial  low  velocities  during  free  flight. 


Current  version*,  of  th e Hydroduct  are  considered  inoper-vhle  at  depths 
greater  than  300  feet.  In  an  effort  to  eliminate  this  restriction,  development 
of  * "steam-injector  condenser"  has  been  undertaken.  This  device  is  in- 
tended to  provide  water  intake  ducts  and  a condensing  chamber  aft  of  the  jet 
noaale  such  that  jet  stability  could  be  realised  at  greater  depths.  Versions 
of  the  missile  operating  on  this  principle  are  referred  to  ms  "Hydroductors", 
and  it  is  estimated  that  successful  operation  at  depths  greater  than  10(10  lest 
can  be  attained. 

A small  fast  version  of  the  Hydroduct  has  been  developed  for  experimental 
evaluation  of  the  weapon’s  basic  feasibility  and  its  ballistic  behavior.  The 
test  missile  has  a 4, 5-inch  diameter  body,  is  approximately  40  inches  long, 
sad  has  an  air  waight  of  33  pounds*  Using  approximately  nine  pounds  of  Alclo 
grain,  a number  of  successful  firings  have  been  made  at  die  Morris  Dam 
Torpedo  Range  in  which  maximum  speeds  as  high  as  250  feet  per  second  and 
ranges  of  better  than  1000  feet  have  been  attained.  Following  early  tests  at 
the  Saa  Clemente  Island  rangs  of  the  Naval  Ordnance  Test  Station,  some  SO 
firings  have  been  made  at  Morris  Dam,  Erratic  behavior  sad  other  mishaps 
were  experienced  with  some  rounds,  but  in  general  the  results  are  favorable 
and  indicate  considerable  promise  of  the  development  of  Hydroduct  missiles 
with  exceptionally  low  dispersions,  speeds  in  the  order  of  150  knots,  and  usa- 
ble ranges  of  4000  feet  or  better. 
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T&e  Aerojet-General  Corporation -ha*  proposed  a 9-inch  diameter  version 
ofthe  Hydroduct,  the  essential  characteristics  of  which  arc: 


Body  diameter 9 to 

Length . , . 7 2 to 

Weight  (air)  . . 215  lb 

Warhead  (Composition  B).. 35  lb 

Warhead  fuso. Contact  type 

Launching  velocity  (all  depths). 250  fps 

Maximum  equilibrium  velocity  (free- flight*  50-ft  depth).  240  fps 

Minimum  equilibrium  velocity  (free  flight*  300-ft  depth)  'l  260  fps 
Minimum  powered  range.............................  1000  yd 


The  predicted  performance  of  this  version  is  presented  graphically  in  Figs. 
2 and  3*  pages  12  and  13. 

A 10- inch  diameter  version  has  also  been  designed  to  accommodate  a 50- 
pcund  warhead*  in  case  the  9-toch  version  should  lack  the  desired  lethality. 
These  particular  versions  were  designed  for  ASW  use.  with  the  intention  of 
providing  a weapon  capable  of  rupturing  toe  pressure  hull  upon  contact  with 
toe  cuter  hull. 


I 


> 


i 


» 


Future  tests  and  development  of  tott  missile  can  be  expected  to  further  im- 
prove the  missile's  performance.  Optimised  fin  configurations*  spin  rates*  . p 

etc.  * can  be  expected  to  improve  consistency  of  flight  and  enable 
dispersions.  Development  of  improved  methods  for  Alclo  grain  compaction 
will  minimise  inconsistencies  of  burning  rate  and  thru  it. 

New  configurations,  versions*  and  concepts  of  toe  Hydroduct  are  possible 
by  means  of  ftjrtker  exploiting  toe  Hydroduct*s  propulsion  principles.  Depth  ® 

control,  and  programmed  guidance  are  conceivable  possibilities*  and  "homing" 
might  be  possible  by  toe  use  of  "staged"  flight*  reducing  self-noise  to  toler- 
able limits  in  to#  terminal  phase  by  use  of  an  auxiliary  propulsion  system, 
tt  is  not  with  such  future  possibilities*  however*  tost  toe  study  has  been  con- 
cerned. * 
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B«  ADVANTAGES  AND  DISADVANTAGES 


The  following  characteristic*  and  operating  requirements  axe  considered 
iO  be  the  principal  advantages  and 'disadvantages  of  theHydroduct  in  its  pre- 
sent versions,  and  the  predominant  factors  to  be  considered  in  appraising  its 
capabilities} 

1.  ADVANTAGES 

a.  Probably  the  outstanding  advantage  of  the  Hydroduci  is  its  speed* 
Its  ability  to  r eacha  target -at  1000  yards  range  in  less  than  20 

seconds  gives  it  sn  exceptional  advantage  over  alternate  weapons  in  several 
respects.  "Dead  time'-  is  minimised,  reducing  the  target's  evasion  capabil- 
ities. The  prediction  aspects  of  tho  fire  control  are  greatly  simplified.  Active 
sonar  as  a final  correction  in  the  fire  control  eea-be  employedwithout  mate- 
rially Increasing  the  target's  ability  to  thwart  the  attack, 

b.  The  ability  to  run  "fully  watted'*  Considerably  improves  the  mis* 
stts's  accuracy,  enabling  use  of  ''optimised*  pattern  control  in 

multiple  firings  and  consequent  increase  in  hit  probabilities  dor  a given  sum* 
her  of  rounds. 

c.  Its  simple  design  sad  Operating  prlxkciplss  enable  the  siae  and 
payload  to  be  adapted  to  matc£  target  vulnerability.  Thus,  ff 

designed  for  use  against  highly  vulnerable  targets  such  «s  submarines  or 
small  surface  crait,  optimum  siae  and  warhead  can  be  provided  and  the  waste 
of  "overkill"  avoided. 

d.  The  missile  contains  virtually  no  '•wasted'*  internal  apace,  and 
is  divided  into  subassemblies  such  that  "high  density"  storage 

and  ease  of  handling  are  greatly  facilitated.- 

e.  The  characteristic*  of  the  missile -suggest  the  use  of  small 
rounds  in  multiple  fire , eliminating  the  necessity  of  the  "long" 

minimum  arming  ranges  -employed  with  heavy  ordnanee  a^a.  protection  to  the 
firing  vehicle. 

f.  The  simplicity,  low-cost,  and  absence  of-,,gadstrytT  combine  to 
give  th^Hydroduct^reliabiUtyr  lew-cost,  a potentially  high  le vet  ' 

of  pvoducibiUtyy  and  Utfiem&intenance-chouidbcr  Squired; 

1.  DISADVANTAGES' 

a.  Its  range  is  limited  both  by  its  power  endurance  and  the  ‘fall  off" 
in  its  trajectory.  Eventual  improvement  over  the  currently  con- 
templated 1000-yard  versions  is  probable,  but  In  its  presen;  conception  as  an 
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onguided  Socket**  it  is  essentially  a "s»fcort  range”  wr.apon  by  comparison 
with  other  underwater  ordnance . 


b.  The  minimum  depth  for-  freedom  Cram  cavitation  is  estimated  at 
SO  feet  for  current  versions,  and  the  missile  ia  inoperable  be- 
low 300  feet.  Although  cavitation  may  merely  increase  dispersion,  and 
periods  of  air  flight  are  not  inconceivable » currant  versions  are  intended  for* 
subsurface  launchings,  between  these  limits,  at  either  surfaced  or  submerge! 
targets.  It  should  be  noted  that  die  “Hydroduetor",  currently  under  develop- 
ment, utilises  die  basic  Hydroduct  principles  with  the  addition  of  a "steam- 
injector  condenser"  to  achieve  depth  insensitivity.  Successful  operation  to 
depths  exceeding  1009  feet  is  anticipated.  It  should  also  be  noted  that  cavi-  • 
tatioo  at  depths  of  loss  than  50  feet  could -be  prevented  by  slight  reduction  of*.- 
speed. 


c.  Because  of  its  speed  end  noise  level,  guidance  and  homing  are 
probably  impracticable,  and  in -the  absence  of  any  postfiring 
corrections,  the  missile  is  as  good  as,  and  Only  as  good  as,  tha  ability  to 
aim  it. 

d«  Although  not  a disadvantage  of  the  missile -its elf,  realisation  of 
the  value  of  low  dispersion  requires  high  accuracy  of  aim,  and 
• three-dimensional  positioning  of  the  target  ia  required.  Currently  opera- 
tional submarine  gear  does  not  provide  for  determination  of  target  depth  and 
elevation  angle.  Sufficient  accuracy  of  range  determination  would  probably 
require  use  of  echo-ranging  in  the  fire  control. 
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e.  The  problem  of  vertical  errors  is  particularly  acute  because  of* 
In  accumulative  effects  of  email  vertical-target  dimensions, 
inherently  large  vertical  aiming  errors,  and  susceptibility  of  the  missile  to 
larger  vertical  dispersions  than  lateral. 

f*  The  logical  compensation  for  the  above-mentioned  sources  of 
"vertical  error"  is  a vertical  line  pattern  in  either  salvo  or 
ripple  fire.  Thus  the  "waste"  of  unsuccessful  rounds  is  introduced,  offset- 
ting the  previously  described  advantage  of  ability  to  avoid  "overkill. " 

gc  Thu  launcher  constitutes  a "dead  weight"  to  the  vehicle,  this 

problem  being  made  more  severe  by  toe  necessity  of  heavy  ini- 
tial boost.  A "trainable  launcher",  though  advantageous  to  aiming,  would 
introduce  mechanical  complexities  and  further  aggravate  this  problem.  The 
possible  effects  on  toe  performance  end  stability  of -submarine  vehicles  is  a 
serious  csssifatwia,. 


h.  The  preeervaticn  of  low  dispereion  would  require  low  tolerances 
and  precision  techniques  in  manufacture,  and  extreme  care  in 
shipping  sad  handling  to  avoid  evtn  slight  damage,  particularly  to  toe  fine. 
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C,  DEVELOPMENT  OF  HYDRODGGT  WEAPON  SYSTEMS 
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The  conceal  of  wgiii4wli  mKitmkr  rocket*  is  act  new.  Germany  is 
known  to  hot  attempted  Ilia  development -of  sock  weapons  during  World  War 
11,  sad  * number  of  investigations  and  exploratory  test  programs  have  been 
carried  oat  in  this  country  in  recent  years . The  Have!  Ordnance  Test  Station 
conducted  a series  of  exploratory  underwater  tests  of  rockets  at  tha  San 
Clemente  Island  range  between  early  1950  and  1953.  Modified  versions  of 
HVAEt  and  HPAG  rockets  were  fired  underwater , ami  some  tests  were  made 
of  a specially  designed  underwater  rocket  designated  5PUR-3-C* 

Despite  those  earlier  studies  and  investigations , underwater  rocket  devel- 
opment is  in  Its  early  Infancy,  and  no  such  weapons  are  known  to  have  been 
used  or  tested  in  either  actual  or  simulated  operations.  As  a consequence  of 
this  and  for  want  of  past  operational  and  weapon  system  studies,  the  potential 
applications,  utility,  and  effectiveness  of  weapons  such  as  the  Hydrodoct  are 
little  more  than  supposition. 

There  is  little  reason  to  doubt  that  the  Hyd.  oduct  offers  a practicable  un- 
derwater rocket  for  which  a high  level  of  performance  can  be  anticipated.  By 
VsetieaUs*  it  is  meant  Out  there  are  no  prohibitive  features  inherent  in 
the  missile  itself,  such  es  excessive  costa,  delicate  components,  or  other 
serious  obstacles  to  prodncibility,  maintenance,  and  reliable  operation. 
Examination  of  the  Hydroduct's  ballistic  behavior  and  performance  character- 
istics indicates  that,  within  its  inherent  limitations  as  an  unguided  missile  of 
limited  range*  it  premises  to  provide  e weapon  of  exceptional  capabilities . 

No  reasons  have  been  found  in  the  course  of  title  study  to  doubt  the  basic  feas- 
ibility of  the  missile  itself.  The  test  program  at  the  Morris  Dam  Torpedo 
Range  has  proved  that  its  operating  principles  are  basically  sound,  and  has 
damonstrsted  its  capability  of  high  speed  flight  without  cavitation.  Since 
these  testa  have  been  of  exploratory  nature  end  have  involved  a number  of 
configuration  changes,  there  is  an  insufficient  quantity  of  data  for  true  evalu- 
ation of  ballistic  dispersions.  Intuitively,  however,  it  must  be  concluded  that 
the  Hydroduct  is  fundamentally  capable  of  highly  accurate  flight,  and  the  ulti- 
mate development  of  optimum  configurations  might  well  result  in  ballistic- 
dispersions  as  low  as  10  mils  laterally,  and  somewhat  highor  values,  but  per- 
haps no  mere  titan  If  mils,  vertically.  Theory  alone  can  neither  substantiate 
nor  disprove  such  claims,  and  to  dwell  on  the  subject  would  provide  little 
more  than  academia  deb  ate.  It  is  the  future  tests  of  optimum  configurations 
that  must  be  relied  upon  to  determine  actual  levels  of  dispersion.  This  study 
has  examined  various  aspects  of  tits  hydro-ballistics  problem  in  search  of 
degrading  factors,  and  has  failed  to  find  any  regions  of  serious  uncertainty, 
or  sources  of  degradation  that  could  not  be  compensated  in  soma  reasonable 
manner.  It  is  tits  general  conclusion  of  this  study,  therefore,  that  the  pri  - 
mary  areas  of  uncertainty  in  attempting  to  appraise  the  weapon  do  net  lie  is 
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the  performance  of  tfe*  weapon  its  ail*  but  Uitwc  fur.d&ir.«r.ial  qu-ss»io«*,  The 
(int  it  the  question  of  tduis  the  w capon;  the  second  the  ques— 

tion  of  “ability”  tout  it.  To  resolve  the  former  question*  it  most  be  shown 
that  its  limited  range  does  not  preclude  sufficient  opportunity  for  its  use. 
The  latter  is  primarily  a question  of  ability  to  aim  the  w eapon.  If  sufficient 
accuracy  of  aim  could  not  be  attained*  the  potential  advantages  of  the  m is- 
sue's flight  accuracy  obviously  could  not  be  realised.  There  are'  other  ques- 
tions* of  coarse  — kill  versus  survival*  countermeasures  * costs*  product- 
biiity*  and  many  otter  less  tangible  considerations  — which*  although  indis- 
pensable to  a complete  evaluation,  are  more  concerned  with  die  weapon's 
practicality  than  with  its  basic  feasibility* 

While  continued  development  of- underwater-  rocketry  would  undoubtedly 
result  in  eventual  improvement  over  currently  conceived  versions  of  the 
Hydroduct*  the  Indicated  performance  of  these  present  versions  is  such  that, 
if  the  Hydrodact  lacks  feasible  application  as  a weapon*  it  is  probable  that 
the  entire  concept  at  using  unguided*  underwater  rockets  is  not  practical. 

During  the  early  phases  of  this  study  it  became  apparent -that  a wide  diver- 
sity of  opinion  exists  on  the  utility  e £ underwater  rockets*  and  on  the  possible 
applications  for  nob  weapons.  It  also  became  apparent  that*  for  the  most 
part*  there  is  little  in  the  way  of  operational  studies  or  "systems  analyses" 
to  support  these  conflicting  viewpoints.  The  Hydroduct  now  offers  a realistic 
basis  for  such  studies,  and  a compelling  reason  why  they  should  be  under- 
taken. There  is  no  menus  of  eliminating  diversity  and  uncertainty  of  opinion 
until  applications  ham  been  substantiated  and.  the  effectiveness  of  complete 
weapon  systems  in  such  applications  evaluated  by  sound  and  comprehensive 
means. 


Aa  an  unguided,  "short"  range  weapon*  the  Hydroduct-is  a contradiction  to 
the  emphasis  on  increasing  attack  ranges  and  developing  moans  for  compen- 
sating the  inadequacies  of  tracking  and  fire  control  systems.  Long  range 
torpedoes*  equipped  with  guidance  and  homing  systems,  are  the  "ideal"  weap- 
ons by  which  the  submarine  can  attack  from  beyond  range  of  counterdetection, 
and  thus  retain  its  primary  advantage  of  stealth.  The  Hydroduct  has  neither 
guidance  nor  homing,  and  its  range  is  considerably  less  than  that  of  modem 
torpedoes*  bod  it  does  have  a number  of  distinct  advantages  over  the  torpe^  ^ 
and*  within  its  limited  domain*  could  prove  superior  for  certain  application* . 
Thai  domain  is*  of  course*  the  does  range  attack*  and -the  possible  applications 
include  a variety  of  situations  involving  a submerged  firing  vehicle  or  a sub- 
merged target*  or  both.  ^ 

There  is  on  expressed  need  for  short  range,  high a peed* -underwater  mis- 
siles for  use  by  submarines  within  the  minimum  sensitising  and  arming  ranges 
of  current  torpedoes.  The  Hydroduct  is  -such  a weapon* -and  its  devel- 
opment might  be  justified  on  those  ground  alone,  However,  to  consider  only 
those  situations  where  no  alternate  weapon  is  available  as  the  only  possible 
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use  of  the  Hydroduct  overlooks  much  of  its  potential.  Such  an  approach  to 
appraising  the  weapon  would  limit  the  opportunity  for  Its  use  to-  "Inadvertent11 
close  range  contacts  at  less  than  the  "minimum1'  ranges  of  other  weapons, 
and  this  would  presume  that  frequency  of  such  contacts  would  be  the  same 
with  the  Hydrodnci  as  without . Such  a res  trieted  effort  to  exploit  the  Hydroduct 
would  certainly  impede,  and  perhaps  preclude,  its  further  development.  The 
frequency  of  such  contacts  might  not  be  sufficient  to  substantiate  the  sacri- 
fices of  developing,  installing,  and  operating  Hydroduct  systems. 

The  capabilities  and  performance  at  the  Hydroduct,  particularly  as  an 
antisubmarine  weapon,  appear  to  offer  considerably  more  potential  than  a 
stand-by  weapon  of  such  restricted  opportunity.  If  it  is  to  be  fully  exploited, 
the  Hydroduct  should  be  considered  not  merely  as  a possible  supplement  to 
other  ordnance,  but  as  & potential  complement  of  a complete  balanced  arm- 
ament system.  Any  target  within  its  range  would  present  an  attaching  oppor- 
tunity regardless  of  whether  or  not  an  alternate  weapon  could  be  used.  The 
Hydroduct  might  be  die  superior  choice,  depending  on  the  specific  nature  of 
the  situation.  Although  such  opportunities  might  still  be  the  result  of  "inad- 
vertent'1 contacts,  die  frequency  might  be  considerably  higher  and  might  be 
further  increased  by  the  effects  of  the  Hydroduct* s presence  on  tactics. 

Given  an  effective  short  range  weapon,  die  short  range  contact  should  be  less 
feared.  It  could,  in  fact,  be  sought. 

To  define  and-  substantiate  the  maximum  "opportunity”  for  die  Hydroduct 
would  involve  a combined  study  of  tactics  and  system  performance,  and 
analyses  of  the  effects  of  each  upon  the  other."  Such  operational  studies  end 
analyses  are  the  ultimate  basis  for  evaluation  end  synthesis  of  optimum  sys- 
tems. It  Is  by  such  studies  that  maximum  "profit"  is  sought.  Itia  readily 
apparent  that  the  "profit"  of  a weapon  system  is  its  ability  to  increase  losses 
of  die  enemy,  or  reduce  losses  to  the  enemy,  to  extents  exceeding  the  total 
costs  of  its  development,  installation,  and  operation . It  follows  that  the 
fundamental  measure. of  a weapon's  effectiveness  is  its  potential  of  creating 
such  "profit. " It  should  be  apparent  that  probabilities  of  hit  and  kill  are 
little  more  than  parameters  in  the  evaluation  of  a weapon.  High  probabili- 
ties imply,  but  do  not  substantiate,  actual  net  gain.  Conversely,  low  prob- 
abilities imply,  but  do  not  prove,  a lack  at  worth.  The  actual  demarcation 
between  "profit"  and  "loss"  on  the  kill  probability  scale  cannot  be  established 
realistically  until  the  weapon  system’s  "Opportunities",  as  well  as  its  capa- 
bilities, have  been  adequately  evaluated. 

The  problem  of  evaluating  the  Hydroduct,  then,  cannot  be  resolved  simply 
by  analysing  the  performance  of  arbitrary  system  configurations  in  assumed 
tactical  applications . The  weapon's  opportunities  must  first  be  defined  and 
substantiated,  and  their  frequencies  determined.  Only  then  can  a realistic 
basis  exist  for  the  syndics  is  and  optimisation  of  complete  weapon  systems. 
This  is  not  meant  to  imply  that  rigorous  evaluation  should  be  required  to 
justify  continued  development  of  Hydroduct  systems.  To  require  rigorous 
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proof  of  feasibility  and- practicality  aa  prerequisite  to  undertaking  tike  devel- 
opment of  a new  weapon  ayst am  would  stifle  that  development.  Rather*  it  is 
meant  to  emphasise  the  importance  of  operatic is  analysis  as  a ton  current 
part  of  weapon  systems  development. 


D.  POTENTIAL,  APPLICATIONS 


1.  GENERAL, 

It  U readily  apparent  that  any  comprehensive  attempt  to  evaluate  the 
complete  realm  of  possibility  for  the  -weapon's  use  would  involve  broad  and 
extensive  studies,  sod  many  complex  sad  intangible  considerations.  Ques- 
tions of  tactics  with  the  w npon  ms  opposed  to  tabetics  without-  it  would  be  fun- 
damental. The  possible  future  developments  in  weapons  sad  operational 
methods  of  undersea  warfare  could  have  considerable  bearing,  and  the  tech- 
digues  and  problems  of  search,  detection,  tracking,  etc.,  would  be  basic 
considerations  not  only  to  determining  the  possible  frequency  <x’  attacking 
situations  for  the  Hydrcduet,  but  also  the  exact-nature  of  those  situations. 

The  interrelation  between  the  specific  makeup  of  the  attacking  situation  and 
die  performance  required  or  desired  of  components  of  fits  weapon  system 
such  as  the  firs  control,  launching  means,  etc, , is  dearly  of  basic  concerns 
Before  system  requirements  can  be  delineated  or  system  performance  eval- 
uated, the  specific  attacking  situations  must  be  adequately  defined,  since  it 
Is  these  situations  and  their  probable  frequencies  that  determine  the  perform* 
sacs  required  of  system  components.  The  investigation  reported  herein  was 
not  of  sufficient  extent  to  undertake  the  operational  studio  a required  to  de- 
fine and  substantiate  the  weapon's  possible  applications.  The  following  are 
therefore  based  on  considerable  supposition  and  are  meant  to  serve  as  exam- 
ples of  possible  eases  and  to  provide  a basis  for  discussion  of  fire  control  ■ 
problems  sad  launcher  considerations, 

2.  SUBMARINE-VS-SUBMARINE 

It  is  generally  acknowledged  Butt  the  antisubmarine  submarine,  whether- 
the  SSK  type  or  any  other  attack  type  meed  for  such  purpose,  suffers  a cur- 
rent need  for  improved  weapons.  This  being  a relatively  new  concept  of  anti- 
submarine warfare,  the  past  development  of  submarine  ordnance  has  not 
emphasised  this  need.  In  considering  the  possible  use  of  Hydroduet*  In 
SS/ASW,  the  problem  can  be  divided  into  two  separate  and  distinct  cases  — 
the  snorkelling  (or  surfaced)  target  submarine,  and  the  completely  submerged 
target  submarine.  The  former  provides  a known  target  depth  to  the  attacks r{ 
the  letter  does  not. 

There  is,  of  course,  a wide  variety  of  purposes  and  attacking  situations 
that  could  be  considered.  Use  of  the  Hydroduet  ea  a primary  or  a secondary 
weapon,  deliberate  closure  versus  inadvertent  does  range  contact,  individual 
versus  group  tactics,  etc. , are  various  considerations  each  of  which  could 
introduce  its  own  unique  opportunity  for  exploiting  the  Hydroduct.  Until  a 
broad  course  of  study  of  ths  more  complex  and  intangible  possibilities  can  be 
made,  however , the  following  "basic*'  possibilities  appear  to  deserve  primary 
consideration* 
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a.  Submerged  Attacker  Vs.  Snorkelling  Target,  88 

Deliberate  Closing  to  Hydroduct  Range  0 

$ * 

The  attacking  submarine  is  presumed  to  be  either  the  "SSK", 

“Guppy",  or  other  attack  type  adaptable  to  ASW,  submerged  to  “optimum*1  (g) 


attacking  depth  at  the  time  ths  snorkelling  target  eiders  attack  range*  "Cptt- 
mum"  depth  is  300  feet  unless  shallower  depths  are  required  to  adequately 
track  the  target  Airing  the  approach . Reducing  the  depth,  however,  reduces 
the  possible  range  of  attack  because  of  the  trajectory  “fall  off"  of  the  missile 
The  attacker  is  assumed  operating  at  “minimum"  speed  to  prevent  counter- 
detection.  The  target  is  presumed  to  be  similar  to  either  the  German  Type 
XXI  or  Type  XXVI  submarine  snorkelling  at  its  most  probable  transit  speed. 

This  situation  presumes  that  the  target  submarine  is  not  employing  § f 

echo- ranging  Airing  transit  as  a protection  against  such  an  attack.  The 
attacking  submarine  is  thus  enabled  to  track  passively,  to  close  to  Hydroduct 
range,  and  to  attempt  the  most  favorable  attack  position.  Once  within  range, 
the  attack  could  be  delayed  to  increase  the  probability  of  success,  since  an 

immediate  attack  could  be  made  upon  detection  of  countermeasures  such  a*  f 

sudden  changes  in  track  or  speed,  or  commencement  of  echo-ranging  to  con- 
firm any  suspicion  of  die  attacker's  presence. 

‘ This  is  considered  a possible  example  of  primary  offenaive  use  of 
Hydroducts  in  SS/AS W , Echo-ranging,  or  perhaps  fixture  passive  array  sys- 
tems, could  enable  the  transit  submarines  to  prevent  such  an  attack,  except  § # i 

perhaps  under  exceptionally  poor  sonar  conditions.  In  such  cases,  however, 
file  attacker's  ability  to  detect  and  track  would  also  be  impeded. 

b.  Submerged  Attacker  Vs.  Snorkelling  Target,  - 

"Inadvertent11  Contact  Within  Hydroduct  Range  | 4 

The  possibility  of  an  inadvertent  contact  within  Hydroduct  range  be- 
tween a submerged  attacker  and  a snorkelling  target  offers  a possible  "sec- 
ondary" offensive  application  for  file  weapon.  Such  contacts  could  result  from 
an  unanticipated  "chance"  contact  during  extremely  poor  sonar  conditions,  or 
perhaps  in  the  more  likely  case  of  a regained  contact  following  a “fade-out"  • < 

during  the  approach,  use  of  the  "primary"  weapon  having  thus  been  prevented. 

The  significant  difference  between  fills  case  and  the  preceding  one,, 
insofar  as  fits  "system"  and  its  probability  of  success  are  concerned,  is  that 

favorable  target  bearing  and  aspect  are  less  probable,  and  the  attacker  Is  # , 

less  likely  to  be  at  or  near  the  "Optimum"  depth.  In  suoh  an  "inadvertent** 
situation,  immediacy  is  of  vital  concern,  and  therefore  ability  to  attain  a 
favorable  attack  position  might  be  inhibited,  A degradation  in  the  quality  of 
system  performance , particularly  in  the  fire  control,  is  also  to  bo  expected. 
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Title  1*  foe  s>uiim«rged- target  coanierpuri'-of  foe  preceding  case, 
and  again  presents  the  increased  probability  c £ unfavorable  bearing,  aspect, 
and  relative  depths,  and  the  urgency  for- immediate  attack.  Its  operational 
background  may  be  obscure,  but  its  consideration  is  warranted  because  of 
the  limited  range  of  detecting  the  quiet- running , submerged  target.  The 
possibilities  of  such  contacts  resulting  from  search-in  restricted  areas  such 
as  channels,  harbor  approaches , etc.,  seem  worthy  of  consideration. 

Another  possibility  could  be  follow-up  search  for -a  lost  contact,  perhaps  aa 
die  result  of  submergence  of  a previously  snorkelling  target. 

d.  Submerged  Attacker  Vs,  Submerged  Target, 

Deliberate  Closing  to  Hydrodoct  R wage 

This  is  the  submerged-target  counterpart  cf-the  first  of  the  above 
cases,  and  a situation  in  which  favorable  target  bearing  and  aspect,  and  opti- 
mum relative  depths  would  he  sought  daring  the  approach.  Such  aa  attack 
might  be  possible  without  loss  of  stealth  if  the  attacker  were  equipped  with 
meaae  of  passive  detection  sufficiently  superior  to  that  of  the  target.  SSK’s 
equipped  with  powerful  array  aystema  might  exemplify  such  a possibility. 

There  is  also  the  possibility  of  attempting  to  dose  to  Hydrodact 
raage  making  foil  use  of  active  sonar,  assuming  that  stealth  has  been  lost  aa 
a result  of  earlier  unsuccessful  attaclfeby  Hydrodoct  oar  other  weapon,  or  as 
a result  ef  couaterdatection  prior  to  an  attack.  It  is  conceivable  that,  under 
such  conditions,  a high  speed  weapon  might  provide  the  only  means  of  attempt- 
ing to  sustain  aa  attack  or  seek  a follow-up  opportunity.  For  example,  foe 
possible  use  ef  active  sonar  by  a transiting  submarine  to  protect  itself 
against  a waiting  submerged  sttecker  could  resalt  in  submergence  of  foe  tar- 
get aad  loss  of  passive  contact.  However,  active  search  by  foe  target  having 
been  foe  cause  for  loss  of  stealth,  active  sonar  could  be  employed  by  foe 
attacker  to  maintain  foe  contact,  aad  effort  to  attack  could  be  continued  by 
mesas  of  echo-ranging. 

Although  comprehensive  consideration  and  investigation  cf  the  preceding 
examples  would  be  required  to  determine  their  feasibility,  fosse  assumed 
cases  provide  sufficient  variety  to  serve  as  -a  basis  for  examination  of  the 
general  requirements  of  fire  control  and  launching  systems  in  the  submarine- 
vs-eubmarine  category. 

3.  SUBMARJN2J-V5-SURFACE  VESSEL, 

Although  foe  Hydro  act  could  be  used  to  attack  virtually  any  highly  vul- 
nerable and  lightly  defended  surface  vessel,  it  is  difficult  to  conceive  appre- 
ciable opportunity  as  sa  offensive  weapon  in  this  category.  Its  use  is  defense 
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against  attack  by  antisubmarine  vessels,  however,  appears  to  otter  an  axcel- 
lent  possibility.  Although  the  submarine's  initial  effort  when  under  attack  by 
an  ASV  would  be  to  evade  and  escape,  and  the  presence  of  the  Hydroduct 
would  not  be  expected  to  alter  this  effort,  the  F'Mroduci  would  provide  the 
submarine  a weapon  with  which  it  could  return  ui-e  when  brought  within  ouge 
of  modern  thrown  or  propelled  anti auhmar in e weapons.  'With  presently  con- 
ceived versions  of  the  Hydroduct,  multiple  hits  would  probably  be  required 
to  sink  the  ASV.  However,  a single  hit  would  certainly  hinder  the  attack  and 
assist  the  submarines  efforts  to  escape.  The  threat  alone  might  greatly  im- 
prove the  submarine's  chances  by  denying  the  antisubmarine  vessel  complete 
freedom  to  approach  without  fear  of  counterattack.  One  argument  against 
the  use  of  such  weapons  by  a submarine  under  ASV  attack  is  that  the  subma- 
rine's presence  would  be  confirmed,  its  location  "pinpointed",  and  its  ad- 
vantage of  stealth  removed  by  the  firing  of  such  ordnance.  On  the  other 
hand,  however,  modern  antisubmarine  tracking  systems  leave  the  submarine 
little  stealth  to  protect  when  brought  to  close  range.  If  the  submarine  faces 
imminent  destruction,  having  failed  in  its  efforts  to  evade,  there  should  be 
little  reluctance  to  open  fire  on  its  attacker  and  to  employ  active  sonar  to  its 
fullest  advantage  in  hie  fire  control. 

-The  evading  submarine's  probable  effort  to  submerge  to  maximum  depth 
introduces  one  serious  disadvantage  to  hie  use  of  Hydroduct*  k this  applica- 
tion. The  submarine  could  not  submerge  below  300  feet  of  depth  without 
sacrificing  hie  opportunity  of  using  hie  weapon.  This  restriction  would  not 
be  present  with  hie  anticipated  performance  of  hie  Hydroduct*-  , however, 
•ire*  operable  depths  of  better  hum  1000  feet  are  predicted. 

Although  this  possible  application  for  the  Hydroduct  is  similar  in  many 
respects  to  hie  submerged  submarine  versus  snorkelling  target  case  de- 
scribed before,  there  are  distinct  differences  which  appear  to  be  significant 
to  the  fire  control  and  the  launcher,  and  to  the  over-all  quality  of  the  sys- 
tem's performance.  If  it  is  assumed  that  the  submarine  would  first  attempt 
to  escape  and  would  open  lire  only  when  its  position  were  presumed  known  by 
the  attacking  vessel,  the  submarine  would  be  involved  in  evasive  maneuvers 
simultaneously  with  attempting  to  aim  and  fire  the  Hydroduct.  Such  mmneu- 
vers  might  include  "asig  sag"  courses  and  high  submerged  speeds,  which 
would  obviously  have  serious  degrading  effects  on  hie  fire  control.  Also, 
since  it  is  probable  that  the  ASV  would  be  astern  the  submarine,  ability  of 
hie  Hydroduct  launcher  to  fire  aft  would  be  required, 

4.  SURFACE  VESSEL- VS- SUB  MARINE 

The  possibilities  offered  by  the  Hydroduct  as  is  sn^lebmarin!  weapon 
in  this  category  appear  particularly  interesting*  The  advantage  of  being  pro- 
pelled underwater  at  high  speed  versus  reliance  an  sinking  to  reach  a sub- 
merged target  becomes  increasingly  significant  with  increasing  target  depth. 
Seme  of  the  Hydroduct's  potentialities  for  this  possible  application  are  indi- 
cated by  the  following  comparisons  to  Weapon  "A”? 
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Weapon  "A"  (Note  1)  Hydroduct  (Note  2) 


Maximum  -range . . . . .. ........ 

800  yd 

1000  yd  (Note  3) 

Minimum  range 

400  yd 

(Note  4) 

Missile 

Diameter  

12.73  in 

9 in 

Length 

102.5  in 

72  in 

Weight 

500  lb 

215  1b 

Warhead. 

263  lb  HBX 

35  lb  HBX 

Fuse 

Influence 

Contact 

Lethal  radius  (est.). 

19  ft 

5 ft 

Time  to  reach  target  at  SOO  yards 

(approximately) 

Target  100  feet  deep 

IS  sec  (Note  ?) 

(Note  5) 

Target  200  feet  deep 

1?  see 

(Note  5) 

Target  300  feet  deep. ......... 

20  sec 

10  see 

Target  600  feet  deep. 

28  see 

(Note  6) 

NOTES 

(1)  Values  obtained  from  Reference  13,  and  do  not  include  possible  improve* 
meats  since  date  of  that  publication. 

(2)  Comparison  bore  is  made  to  present  9-inch  version,  although  modifies* 
tten  for  surface- to- submarine  application  would  be  probable. 

(3)  Maximum  usable  range  when  fired  from  surface  approximately  900  yards; 

(4)  Minimum  range  would  depend  open  launcher  trainability  (in  depression). 

(5)  At  800  yards  range,  target  immune  to  Hydroduct  above  approximately 
140  feet  of  depth  because  of  trajectory  fail-off. 

(4)  Hydroduct  inoperable  below  300  feet. 

(?)  Based  on  air  flight  of  12  seconds,  and  terminal  sinking  rats  of  38  feet 
u per  second. 


The  figures  presented  here  are  meant  for  comparisons  only  and  should 
not  be  interpreted  rigorously.  Improvement  in  range  of  both  weapons  is  prov- 
able, and  larger  versions  of  die  Hydroduct  could  be  developed  for  such  appli- 
cations, perhaps  with  influence  fuse  mechanisms  and  larger  warheads.  The 
significance  of  these  comparisons  lies  primarily  in  the  time  to  reach  a target 
300  feet  deep  at  the  800-yard  range.  The  “dead  time"  of  die  Hydroduct  it  in 
this  case  only  half  dial  of  Weapon  "A",  Unt  materially  reducing  the  probable 
evasion  error  of  the  attack.  In  die  comparison  made  Loro,  die  greater  lethal 
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radius  of  WeaponuA"  is  much  in  its  favor,  ?od  its  ability  to  twttp  all  possi- 
bis  depths  of  tits  target  is  a distinct  ad  van  tags,  particularly  in  compensating 
for  the  large  probable  error- of  depth  determination*  Weapon  "A"  further- 
more allows  no  depths  of  immunity  to  he  target.  The  300-foot  depth  limita- 
tion of  the  Hydroduct  appears  to  be  a serious  obstacle  to  its  use  in  this  ASW 
application,  sines  its  potential  advantages  over  Weapon  "A"  are-  at  the  deeper 
depths,  and  an  abrupt  "cutoff"  at  tits  300-foot  level  precludes  realisation  of' 
these  advantages.  Development  of  tits  Hydroductor,  enabling  depths  ctf  1000 
feet  or  better,  would  eliminate  this  obstacle. 

The  air  flight  of  Weapon  "A"  has  a dispersion  of  50  feet  at  maximum 
range,  or  a lateral  dispersion  of  20  mils . To  this  most  be  added  the  under-* 
water  dispersion,  described  in  Reference  13  as  "considerably  smaller." 
Superiority  of  the  Hydroduct  in  this  regard  seems  probable  if  the  presnt 
estimate  of  lateral  dispersion  can  be  attained.  Depending  upon  the  range  and 
angle  of  water  entry,  the  air  dispersions  of  Weapon  "A"  are  nu  -n-'f?*'  longi- 
tudinally to  give  elongated  sinking  patterns,  which,  if  the  target  f 
from  astern,  are  compensated  by  the  target  length.  Because  of  the  Hydro- 
duct’s  susceptibility  to  greater  "vortical"  than  "horisantal"  dispersion,  it 
might  possess  no  dispersion  superiority  "longitudinally. " Analyses  to  enable 
direct  comparisons  of  the  two  weapons  would  be  required  before  firm  condu- 
sious  could  be  made,  but  an  over-all  superiority  of  the  Hydroduct  la  this  re- 
spect seems  possible. 

Weapon  "A"  is  capable  of  firing  a total  of  22  rounds  in  ripple  fire  at  five- 
second  intervals  using  a completely  automatic  "ready  service"  magamine,  or 
a total  of  11,000  pounds  of  ordnance  per  loading.  A comparable  weight  of 
Hydroduct  missiles  would  equal  approximately  50  rounds,  based  on  (he  9-inch 
version. 


Thus,  the  superiority  of  lethal  radius  offered  by  Weapon  "A"  is  offset  by 
three  potential  advantages  of  the  Hydroduct  « lower  lateral  dispersions,  • 
more  total  rounds,  end  shorter  lengths  of  "dead  time."  The  first  of  these 
would  require  sufficient  teste  and  analyses  to  substantiate,  but  is  of  particu- 
lar interest  because  the  minimum  dimension  of  the  probable  target  aspect 
wouid  occur  laterally.  The  second  suggests  either  salvo  or  fast  ripple  fire  of 
Hydroducts,  perhaps  with  pattern  control.  The  last  of  these  advantages,  how- 
ever,  appears  the.  most  significant  if  the  contemplated  deep  submergence  of - 
future  submarines  is  employed  as  defence  against  attack  from  the  surface. 

At  a target  depth  of  -1000  feet,  for  example.  Weapon  "A"  would  have  a total 
dead  time  of  nearly  40  seconds,  whereas  a propelled  underwater  "rocket" 
such  as  tits  Hydroductor  might  require  less  than  15  seconds.  Graphical  cons*- 
parisens  between  Weapon  "A"  and  both  the  Hydroduct  and  an  assumed  Hydro* 
doctor  are  presented  on  pages  if  and  2a  to  illustrate  the  above  discussion,  it  - 
is,  of  course,  apparent  that  considerable  analytical  study  would  be  required  - 
to  elevate  the  preceding  to  more  than  pure  surmise,  but  for  reasons  describe!, 
tits  potential  of  the  Hydroduct  and  Hydroductor  in  this  application  appears  to 
merit  further  investigation. 
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There  are  many  other  considerations  beyond  those  discussed  above  which 
♦ would  have  considerable  influence  on  the  evaluation  of  this  possible  applica- 

tloc.  The  launcher  is  clearly  one  of  the  most  important  of  these*  since  the 
• Hydroduct  is  intended  for  underwater  launchings  and  therefore  presents  a 

considerably  more  serious  problem  than  a deck-mounted  launcher*  As  is  the 
case  with  previously  discussed  applications  for  the  Hydroduct,  the  ability  to 
attain  adequate  aiming  accuracies  is  of  fundamental  concern  and  is  further 
aggravated  in  title  case  by  the  pitch  and  roll  of  the  surface  vessel  as  compared 
I to  the  "stable  platform"  offered  by  the  submerged  submarine.  These  and 

other  factors  must  be  considered  in  any  investigation  of  surface-to-suhmarine 
possibilities,  but  until  the  basic  studies  suggested  by  the  preceding  paragraphs 
■have  been  made*  these  factors  could  norhe  adequately  evaluated* 


4 


4 


4 


4 


S.  OTHER  POSSIBLE  APPLICATIONS 

Several  other  applications  for  underwater  rockets  are  worth  consideration, 
although  for  the  present  they  appear  secondary  to  She  preceding  possibilities. 
If  the  indicated  low  levels  of  dispersion  can  be  realized  in  actual  practice,  the 
possibility  is  suggested  of  firing  small  versions  from  a special  barge  equipped 
with  a suitable  high  resolution  sonar  system  as  a means  of  neutralising 
bottom-laid  mines.  By  firing  from  a "safe"  distance  in  the  order  of  150 yards, 
a ballistic  dispersion  of  as  little  as  five  feet  standard  deviation  might  be 
attained.  Neutralisation  of  the  mine,  either  by  detonating  or  flooding,  might 
be  possible  with  small  Hydroducts  carrying  small  warheads.  The  present 
4. 5- inch  test  version  might  be  adaptable  to  such  a purpose.  The  principle 
uncertainty  of  this  application  lies  in  the -ability  to  locate  the  mines  end  prop- 
erly aim  the  launcher.  Aiming  errors  could  be  minimised  by  determining 
and  correcting  for  known  sources  of  error  such  as  thermal  gradients  and  cur* 
rents,  and  could  be  compensated  by  use  of  salvo  patterns  or  by  raking  the 
presumed  target  position  with  ripple  fire.  The  probable  number  of  rounds 
required,  however,  could  be  excessive  unless  excellent  accuracy  of  aim 
could  be  achieved. 


The  possible  use  of  fixed -submerged  batteries  of  Hydroducts  situated  at 
harbor  entrance#  might  l * worth  consideration.  Used  in  conjunction  with 
warning  sonar  such  as  th<t-  "Herald"  system,  and  controlled  by  a shore  station* 
such  batteries  might  enabV-  complete  protection  against  the  entry  of  small  or 
"midget"  submarines. 


Consideration  could  also  be  ^ven-io  the  development  of  "special  purpose" 
vehicles  such  as  small  high-speoi  surface  craft  or  submersible*  equipped 
with  Hydroducts  to  serve  such  special  purposes  as  convoy  screening,  etc. 
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fh*  above  diagrams  give  cefaeaatio  comparisons  of  the  wwloptt  of  target  posi- 
tion (in  rang*  and  depth)  relation  to  firing  ship  at  tine  of  fire.  The  envelope* 
are.  hated  on  attacking  the  target  aubaarin*  from  astern,  with  the  target  attempting 
eaoape  at  a submerged  speed  of- IS  knots.. The  following  value*  wore  assumed  for  thi* 
comparison « 

Weapon  "A." 

Maxima*  Bangs , . , . ..  ..  , . ...  800  yds 

Mini  awn  Ra_  ^ . . ..  ..  ..  . ..  ...  .,  ..  ...  ...  ..  400  yds 

flight  tin*  it  nexl—  range  ..  . ..  ..  ..  ..  ..  12  toes 

Sinking- rate  ...  . . ,.  ....  ...  ...  . ^ ..  ...  ,.  38  fpa 

Hydroduo t and  Hydroduotor 

Maxijau*S'&ange  . • «*  ...  ..  .....  . . 3000  ft 

Min  l*ae»  fall-off  at  3000  feet  rang*  ..  ..  2*0  ft 

flight  tine  at  msTleue  rango  . — ...  ..  16  aeou 

Maxlaun -depth  of- Bydroduet  . ..  ...  ..  ...  ..  300  ft 

Maxian»4epth  of  Hydroduotor-  ..  ...  ...  ..  ..  1000  ft 

Maximum  ■dopreulcn  eagle  of  lauaeher  ...  . . 46  dogs 

Maximum  sonar  depression  angle  «.  ..  ..  48  deg* 

Maximum  target  autoeergonoe  -•>.  . . ..  1000  ft 
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E,  FIRE  CONTROL  CONSIDERATIONS 


1.  GENERAL 

Ik  is  the  problem  of  fire  control  that  appears  to  offer  the  greatest  obsta- 
cle to  Byproduct  weapon  system  performance.  The  ability  to  aim  the  weapon 
with  sufficient  accuracy  to  realise  the  benefits  of  its  low  level  of  ballistic  die- 
Persian  is  of  primary  concern,  and  it  is  probably  this  question  that  will  ulti- 
mately determine  the  system**  limitations*  The  study  reported  herein  was 
not  of  sufficient  scope  to  undertake  the  investigations  and  analyses  required 
to  resolve  tibia  question*  and  therefore  cannot  attempt  to  describe  the  prob- 
lem in  more  than  qualitative  terms.  The  following  ore  thought  to  be  the  most  * 
significant  considerations  relating  to  the  fire  control  problem,  rad  those 
which  future  investigations  should  seek  to  evaluate  in  order  dud  realistic-  ds«  - 
finitton  of  Hydroduct  system  performance  capabilities  ora  be  madet 
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a*  Probal  ly  the  greatest  inherent  difficulty  in  aiming  the  Hydroduct  Is 
the  requirement  for  thr«*-dimeneianal  positioning  of  the  target.  Ac 
described  earlier,  the  missile  is  susceptible  to  a number  of  erases  of  ’Ver- 
tical error",  and  a rapid  degradation  of  effectiveness  era  be  expected  with 
lose  <d  elevation  aiming  accuracy*  If  dm  target  is  submerged,  the  determi- 
nation of  either  its  depth  or  die  elevation  angle  of  its  relative  position  is  re-- 
qpired,  end  tike  accuracy  of  doing  so  Is  of  vital  concern.  The  difficulty  of.> 
accurately  determining  target  depth  by  sonar  makes  this  problem  particularly 
acute. 


» 


b.  Active  versus  passive  fire  control  is  a fundamental  consideration 
to  the  Hydroduct  system.  If  echo-ranging  were  denied  the  attackor, 
triangulafion  would  be  required  for  determination  of  slant  range,  and  the 
accuracies  attainable  by  such  means  arc  inherently  poor.  The  AN/BQR-6 
sonar  is  currently  radar  development  as  a means  by  which  a a tbmsrged  sub- 
marina can  determine  the  horisontal  range  of  a surface  targe*  passively*  This 
system  uses  the  "JT"  hydrophone  to  measure  the  elevation  angle  of  arrival, 
and  from  fits  submarine's  known  depth  calculates  the  horisontal  range  by  tri- 
angulation.  Range  accuracies  within  10%  to  20%  are  considered  possible 
with  this  system,  depending  on  depth,  at  ranges  of  1500  yards.  Against  a 
submerged  target,  however , triangulation  by  this  system  would  not  bo  pout— 
bie.  The  measured  angle  of  arrival  of  target  noise  would  not  enable  resolu- 
tion of  target  position  without  an  intercept,  the  only  means  of  providing  for 
which  would  be  determination  of  slant  range  be  echo-ranging.  To  enable  an- 
attack  upon  a submerged  target  entirely  by  passive  means  would  require  e 
somewhat  elaborate  plan  of  tracking  prior  to  the  attack  in  order  to  provide 
intelligence  not  available  by  direct  measurement.  Predetermination  of  prob- 
able depth  of  the  target*  tor  example*  could  be  used  as  an  intercept  with  the 
measured  elevation  angle  to  enable  solution  of  a presumed  position.  The 
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complexities  and  probable  error*  of  such  techniques,  however,  do  not  appear 
promising,  and  it  is  considered  reasonable  to  assume  dint  active  sonar  would 
be  required  in  the  fire  control  with  submerged  targets.  Against  surface  or 
snorkelling  targets,  ibis  would  not  necessarily  be  the  case,  since  the  known 
depth  of  the  target  and  the  measured  elevation  angle  enable  the  solution  by 
tri angulation , However,  echo- ranging  would  enable  a considerably  more 
accurate  solution  against  such  a target#  the  range  error  being  of  negligible 
magnitude,  and  the  attacker  having  precise  knowledge  of  bis  own  depth.  This 
solution  would  not -require-  a measured  -elevation  eagle,  eliminating  the  prob- 
lem of  refraction  effects  on  die  measured  angle  of  noise  arrival.  It  is  con- 
cluded that  active  means  -would  be  required  in  the  fire  control  against  a sub- 
merged target,  while  passive  means  could  be  used  against  surface  or 
snorkelling  targets,  but  with  greater  accuracy  possible  by  active  means. 

c.  The  reluctance  of  a submarine  to  use  active  sonar  would  have  con- 
siderably less  foundation  with  the  Hydroduct  than  with  other  weap- 
ons, provided  that  it  were  used  only  as  a last  correction  In  the  fire  control. 

If  detection,  tracking,  and  the  approach  could  be  performed  satisfactorily  by 
passive  means,  the  use  of  a single  "ping"  as  a final  resolution  of  target  posi- 
tion would  grant  little  advantage  to  the  target  if  it  were  detected,  provided  of 
course  diet  additional  maneuvering  and  other  time-consuming  corrections 
were  not  required  by  the  attacker.  If  a rapid  correction  could  be  made,  the 
target  would  have  little  added  opportunity  to  evade,  counter,  or  otherwise 
attempt  to  thwart  the  attack.  Without  a "ping",  the  attacker's  presence 
would  be  known  at  the  instant  of  firing,  allowing  the  target  15  seconds  or 
less  for  countermeasures.  The  use  of  a ’"ping"  as  a last  instant  aid  to  fire 
control  would  add  little  to  die  target's  evasion  time.  Thus,  die  high  speed  of 
die  Hydroduct  appears  to  give  it  a distinct  advantage  over  slower  weapons  by 
permitting  use  of  active  fire  control  without  serious  sacrifice. 

d.  Another  definite  advantage  resulting  from  the  Hydroduct's  speed  is 
the  simpiificaiiou  of  the  prediction  aspects  of  fire  control.  Little 

degradation  of  hit  probability  would  be  expected  from  a reasonable  error  in 
predicting  the  target's  motion  during  the  dead  period.  A simple  calculation 
of  lead,  probably  never  greater  than  one  length  of  the  target,  would  probably 
suffice.  On  the  other  hand,  a deliberate  effort  to  close  to  Hydroduct  range 
would  create  a somewhat  more  d'rticult  tracking  problem,  and  attainment  of 
a reasonably  close  approach  to  t:  ^desired  attack  position  prior  to  "last  in- 
stant" use  of  echo-ranging  might  require  a complex  and  skilled  procedure. 

The  use  of  an  infrequent  "ping"  during  the  latter  stages  of  approach  might 
benefit  the  attack  despite  die  risk  of  its  being  detected* 

e.  Th*  "examples"  rif  possible  Hydroduct  applications  described  in  the 
preceding  section  present  somewhat  different  fire  control  problems, 

each  application  being  distinguished  by  its  own  operational  background  and 
attacking  situation.  Following  are  same  of  the  basic  considerations  in  each 
cases 
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(1)  Hie  submerged  attacker  versus  snorkelling  target, 
with  deliberate  dosing  to  Hydroduct  range*  described 

on  page  21  * presents  the  "ideal**  situation  from  the  standpoint 
of  fire  control.  This  situation  presumes  that  the  attacker  has 
succeeded  In  avoiding  counierdetection  and  has  attained  a fav- 
orable attack  position.  Passive  bearing  measurement  in  the 
latter  stages  of  approach  should  enable  final  aim  ir.  aximuth  and 
partial  elevation  aim*  particularly  if  elevation  angles  of  arrival 
have  bean  measured  during  file  approach.  With  the  target  pre- 
sumed to  be  in  fiie  desired  position*  a single  "ping " would  enable 
that  position  to  be  confirmed  and  a final  fire  control  solution 
made.  Following  the  initial  salvo* -success lee  firings  could  be 
made  with  continued  use  of  active  sonar. 

(2)  The  submerged  attacker  versus  snorkelling  target  with 
contact  having  occurred  "inadvertently"  within  Hydro- 

duct  range  differs  from  the  previous  esse  primarily  In  the  inabil- 
ity of  preparing  and  accomplishing  partial  aim  prior-to  contact. 
Intelligence  required  for  the  attack  does  not  differ  from  that  of 
the  preceding  case*  but  the  probability  of  a favorable  attack  posi- 
tion being  attained  is  considerably  lower  aad  immediacy  of  attack 
is  vital.  Consideration  could  bs  given  in  such  situations  to  sac- 
rifice of  "stealth"  by  immediate  use  of  echo-ranging  as  a means 
of  bettering  the  attack. 

(3)  In  file  cases  of  both  attacker  aad  target  being  fully  sub- 
merged* it  is  doubtful  that  satisfactory  attacks  could 

be  made  entirely  by  passive  means.  ^Positioning  of  the  target 
would  require  the  use  of  echo-ranging  to  measure  the  slant  range 
end  measurement  of  elevation  angle  to  determine  target  depth.  If 
the  latter  case*  described  on  page  22  * of  deliberately  closing  to 
Hydroduct  rang#  would  permit  a reasonably  accurate  determina- 
tion of  probable  target  depth  prior  to  attack*  the  final  fire  control 
solution  might  be  considerably  improved  by  eliminating  the  necea- 
eity  of  measuring  elevation  angles  simultaneously  with  echo- 
ranging  and  final  solution.  In  the  case  of  "inadvertent"  contact 
between  two  submerged  submarines,  a rapid  fire  control  solution 
would  be  essential  aad*  as  in  the  foregoing  ease  of  inadvertent 
contact  of  a snorkelling  target,  cons  iteration  could  he  given  to 
fall  use  of  active  sonar  immediately  upon  contact, . 

(4)  The  case  of  a submarine  defending  itself  against  an 
attacking  A SV  is  fundamentally  the  same  as  the  sub- 
merged attacker  versus  snorkelling  target  except  ion  the  com- 
plications that  the  target  would  probably  be  astern  the  eubma- 
rine*  and  the  submarine  would  be  simultaneously  attempting 
evasion.  If  echo-ranging  would  materially  benefit  the  subma- 
rine's probability  of  hit,  filers  should  be  little  reluctance  to 
use  it*  at  least  under  the  last  ditch  assumptions  described  an 
P«S«  22. 
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(5)  The  fire  control  problem  for  the  surface  vessel* 
vs*  submarine  application  of  the  Hydroduct  is  fun* 

'ism entail*/  the  casr  e os  that  for  Weapon  f,A"  or  thrown  weapons 
such  as  "Hedgehog."  Bearing,  range,  ami  depth  of  the  target 
are  required  for  all  such  weapons , The  relative  effects  of  fire 
control  errors  differ,  however,  and  despite  the  fire  control 
solution  being  fundamentally  an  identical  problem  lor  both 
Weapon  "A"  and  die  Hydroduct,  it  cannot  be  assumed  arbitrar- 
ily tut  the  fire  control  system  for  Weapon  "A"  would  suffice 
for  the  Hydroduct.  Weapon  "A",  for  example,  has  die  ability 
to  "sweep  out"  a relatively  large  depth  error,  an  ability  which 
the  Hydroduct  does  not  have. 

f«  The  applicability  of  sonar  sad  fire  control  systems  currently  in 
operation  or  under  development  is  an  important  consideration  in 
determining  the  course  and  content  of  future  development  of  Hydroduct  ays* 
tame.  Detailed  study  would  be  necessary  before  reliable  conclusions  could 
be  drawn  regarding  the  deficiencies  of  current  gear  for  use  with  Hydroduct 
weapons  and  the  extent  of  modification  of  such  gear  required.  The  preced* 
lug  discussion  indicates  that  the  sonars  and  fire  control  systems  currently 
available  tor  Weapon  "A"  may  be  applicable  as  well  to  the  Hydroduct  in. 
S«rface*tc* submarine  applications . As  submarine  ordnance,  however,  it 
appears  that  the  Hydroduct  would  require  modifications  or  additions  to  cur- 
rent submarine  gear,  particularly  tor  attack  on  submerged  targets.  The 
BQR-6  is  the  only  system  But  provides  measurement  of  elevation  angle,  and 
ftie  system  has  been  under  development  primarily  as  a passive  means  for 
determining  horiaontal  range  of  a surface  target  during  tracking.  The  same 
principle  could  be  employed  as  an  integrated  part  of  a fire  control  system, 
with  simultaneous  use  of  active  means  of  determining  slant  range  to  enable 
determination  of  target  depth,  but  the  adaptability  of  the  BQR-6  system  it- 
self to  this  purpose  seems  questioned  e. 

The  fire  control  computer  requirements  for  the  Hydroduct  are,  of 
course,  unique  la  many  respects*  The  complexity  of  solution  and  the  required 
inputs  would  depend  on  toe  sensitivity  of  system  performance  to  the  various 
censes  end  magnitudes  of  bias.  Computation  of  the  aim  point  relative  to  the 
measured  instantaneous  position  of  the  target,  such  that  proper  lead  and 
euper-etevattan  are  enabled,  constitutes  a problem  the  exact  solution  of 
which  would  he  complex,  involving  prediction  of  all  effects  on  bias  introduced 
by  motion  of  both  the  target  and  firing  vehicle  and  ballistic  deviations  of  the 
missile  due  to  relative  motions  of  the  surrounding  sea  water.  However,  it  is 
evident  by  intuition  alone  that  many  of  the  sources  of  bias  and  deviation  would 
have  negligible  or  miner  effect  on  the  hit  probability,  and  their  omission  in 
the  fire  control  would  be  desirable.  Detailed  study  antL  analysis  would  be  re- 
quired to  effect  the  optimum  compromise,  but  it  seems  reasonable  that  file 
required  inputs  would  be  within  reasonable  limits,  and  might  in  fact  be  rela- 
tively simple. 
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F,  LAUNCHING  CONSIDERATIONS 


The  requirement*  to r launching  present  one  of  the  most  intangible,  and 
one  at  the  most  critical  problems  of  Hydroduct  weapon  systems.  Sven  if  all 
other  aspects  c i such  weapon  systems  could  be  resolved  without  detriment  to 
die  Hydroduct’s  potentialities  as  an  underwater  weapon,  the  penalties  and 
sacrifices  of  providing  adequate  launching  means  might  overshadow  all  of  its 
potential  advantages.  This  is  not  meant  to  be  an  assertion  that  such  would  be 
the  case,  but  an  emphasis  of  the  importance  of  the  launcher  to  the  over-all 
performance  and  value  of  Hydroduct -systems.  It  is  the  launcher  that  threat- 
en* to  make  the  over-all  cost  of  Hydroduct  systems  excessive.  The  launcher 
would  impose  s "dead  weight*'  penalty  cn  die  firing  vehicle  — a serious  con- 
sideration tat  submarines.  Consistent  performance  of  the  launcher  would  be 
a necessity  to  maintain  low  dispersions*  The  mechanics*  particularly  the 
ability  to  train  and  elevate  the  launcher,  would  have  considerable  influence 
on  the  feasibility  of  die  various  possible  applications  for-  the  weapon*  With 
the  possible  exception  of  rigidly  mounted.  Immovable  launching  tubes,  con- 
siderable maintenance  would  probably  be  required. 

Considering  the  multiplicity  of  possible  means  and  configuration*  of 
launrhtag  systems,  and  die  significance  of  considerations  such  as  those  de- 
scribed above,  it  is  doubtful  that  reliable  evaluations  of  Hydroduct  systems 
could  be  made  until  many  of  die  launching-  problems  have  been  resolved  by 
adequate  study,  analysis,  and  test. 


Although  die  launching  requirements  for  Weapon  "A"  differ  entirely  from 
those  of  the  Hydrodnct,  and  any  attempt  at  direct  comparison  would  bs  mean- 
ingless, the  seriousness  and  importance  of  die  launcher  problem  is  indicated 
to  some  degree  by  the  Mark  106  launcher  assembly  of  Weapon  "A".  This 
launcher  enables  single-shot  ripple  fire  of  22  rounds,  each  round  weighing 
500  pounds,  at  a rate  at  one  round  every  five  seconds.  A "ready  service" 
magaatae  enables  completely  automatic  firing  of  all  22  rounds  if  desired. 

The  launcher  is  trainable  and  elevatable.  The  complete  assembly  weighs 
47,000  pounds  without  ammunition,  and  coats  approximately  $500,000  per 
unit  in  lota  of  ten.  It  requires  considerable  maintenan*  tread  must  be  serv- 
iced by  expert  personnel. 


The  majority  of  past  effort  with  the  -Hydroduot  has  been  directed  at  devel- 
opment and  test  cdthe  missile  itself*  Tests  of  the  4.5-ineh  test  version  were  ■ 
mads  with  special  teat  launchers  providing  rail  guidance  and  using  solid  pro- 
pellant rocket  motors  for  initial  boost*  Design -studies  of  operational  launchsxs 
have  been  made  bid  no  such  launchers  have  been  fabricated  or  tested.  In  view 
of  the  preliminary  status  of  launcher  development,  the  study  described  in  this 
report  has  not  attempted  more  than  a generalised  examination  of  launching 
problems*  Following  arc  s am®  of  the  requirements  end  considerations  which 
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are  thought  to  char  actor  lz.e  the  Hydrcduct  latsehing  problem  tad  to  indicate 
the  need  for  fundamental  studies  of  possible  launching  systems: 

1.  Since  th«  Hydroduct  is  inoperable  without  sufficient  ram  pressure  to 
enable  the  flow  of  inlet  water , the  launcher  must  provide  for  initial 

boost  of  the  missile  to  a "minimum"  speed  before  free  flight  can  commence. 

It  is  intended  that  sufficient  boost  be  provided  for  a launching  velocity  of 
approximately  250  feet  per  second.  It  is  preferable  to  minimise  the  length 
of  tibe  launcher,  and  "single-length"  launching  is  contemplated.  There  are 
numerous  means  by  which  the  required  boost  could  be  provided,  and  it  is 
obvious  tha»  design  of  the  boost  should  be  guided  by  the  considered  ons  of 
cost,  reliability,  maintenance,  weight,  minimum  hazard,  etc.  No  purpose 
would  be  served  by  discussion  herein  of  such  possible  means  of  boost  since ,- 
until  die  basic  launcher  requirements  have  been  established,  no  reasonable 
investigations  could  be  made  of  the  problems  of  mechanical  detail. 

2.  Probably  the  most  critical  problem  associated  with  the  launching  sys- 
tem is  the  question  of  tralnabilifcy.  A variety  of  possibilities  exists, 

each  having  its  own  considerations  of  mechanical  complexity,  weight,  cost, 
maintenance,  etc.  From  the  standpoint  of  maximum  utility  of  the  weapon, 
die  "fully  trainable"  launcher,  capable  of  rapid  motion  in  both  azimuth  and 
elevation,  is  the  "ideal".  From  the  standpoints  of  cost,  weight,  maintenance^ 
etc.,  the  "fixed"  or  rigidly  mounted  launcher  represents  the  ideal.  Compro- 
mises include  launchers  trainable  in  azimuth  only  with  fixed  elevation  angles, 
and  "ftlevatable"  launchers  with  fixed  azimuth  angles.  Other  possibilities  in- 
clude fixed  launchers  wifi:  multiple  elevatioh  or  azimuth  settings,  such  as 
mounting  launchers  aboard  a submarine  to  enable  firing  both  forward  and  aft. 
Some  improvement  over  rigidly  fixed  launchers,  but  avoiding  seme  of  the 
complexities  of  trainability,  might  be  offered  by  "adjustable"  launchers*  en- 
abling preattack  setting  of  desired  elevation  and  azimuth,  but  with  aiming 
accomplished  during  the  attack  by  maneuvering  and  trim  of  the  vehicle.  These 
and  other  possibilities  allow  a wide  variety  of  conjecture  and  supposition,  and 
only  comprehensive  study  and  investigation  could  provide  any  realistic  indica- 
tions of  the  need  for  movable  launchers  and  -improvements  in  versatility  and 
effectiveness  possible  thereby. 

With  regard  it  the  use  of  Hydroducts  as  submarine  ordnance,  the  In- 
vestigations of  missile  performance  reported  herein  have  considered  the 
launcher  fully  trainable  (elevation  and  azimuth)  in  order  that  file  most  severe  *• 
possibilities  of  cross  current  and  tip-off  effects  could  be  examined.  However, . 
because  of  the  acuteness  of  weight  and  space  problems,  it  appears  desirable  - 
te  concentrate  initial  effort  on  possible  use  of  fixed  launchers*  Studies  of 
launchers  sad  analyses  of  the  improvement  in  system  effectiveness  to  be 
gained  by  trainability  should  continue  in  the  interests  of  eventual  optimisation,- 
but  in  view  of  the  preliminary  state  of  development  and  the  many  uncertain- 
ties currently  associated  with  the  weapon's  potentialities,  if  is  considered 
advisable  to  minimise  the  inhibiting  effects  of  complexities  and  to  concentrate 
effort  initially  nn  developing  the  simplest  practicable  system. 


SECRET 


la  the  gaiaariB^v8»«toarlae applications,  the  "inadvertent"  cases. 
at  other  situations  preventing  approach  by  stealth,  would  be  moat  adversely 
atfected,  sad  perhaps  precluded,  by  lack  oflauueher  trainability,  and  defease 
against  an  attacking  antisubmarine  vessel  might  be  infeasible  unless  launchers 
mounted  specifically  for  that  purpose  were  provided.  The  other  cases  of  de- 
liberate closing  to  Hydroduct  range,  however,  if  tactically  feasible,  would 
be  degraded  considerably  less  by  launcher  immobility . 

In  tbs  surface  vessei-to-  submarine  application,  trainabiiity  in  both 
asimuth  and  elevation  (or -depression)  would  appear  to  he  an  absolute  neces- 
sity, ttde  being  further  complicated  by  the  necessity  of  subsurface  launchings 
rather  than  deck  launchings. 

3.  Since  multiple  firings  of  Hydrcducts  are  contemplated,  the  launcher 
must  provide  either  multiple  launching  tubes  which  can  be  selectively 

fired  in  either  salvo  or  ripple  fire,  or  means  of  magasine  loading  must  be 
provided.  The  latter  involves  mechanical  complexities,  although  offering 
certain  advantages  if  used  in  conjunction  with  a trainable  launcher  and  also, 
perhaps,  offering  a better  means  oi  reloading.  However,  if  the  launchers 
wore  rigidly  mounted,  the  use  of  multiple  launching  tubes  would  be  more  con- 
sistent with  mechanical  simplicity. 

4.  The  problem  of  reloading  is  another  important  consideration  in 
launcher  design,  and  this  is  of  particular  concern  to  the  submarine. 

The  necessity  of  surfacing  to  reload  is  a serious  consideration  and  could 
severelyhiuder  the  usefulness  of  the  weapon.  However,  again  in  fits  interests 
of  simplification,  if  rigidly-mounted  multiple-launching  tubas  were  employed, 
the  use  of  sufficient  tubes  to  enable  repeated  firings  should  be  considered. 

5.  As  another  basic  problem,  the  optimum  use  of  a low  dispersion 
missile  with  relatively  large  aiming  errors  would  require  pattern 

control.  The  "optimum"  pattern  would  vary  with  target  aspect  and  range,  and 
perhaps  with  other  factors  as  well.  Hence,  a variable  pattern  control  and  & 
variable  somber  of  rounds  per  firing  would  be  desirable  as  a means  of  opti- 
mising hit  probabilities  and  use  of  ammunition*  In  submarine- vs -submarine 
applications,  a vertical  line  pattern  is  the  logical  means  of  compensating 
errors,  and  variability  in  this  case  would  involve  optimum  vertical  spacing. 
Once  again,  however,  mechanical  simplicity  would  be  enhanced  by  use  of  a 
fixed  pattern  based  upon  probable  target  range  and  aspect,  and  pre-set  in  Hie 
rigidly  momtad  launching  tubes.  Tho  ability  to  vary  the  number  of  rounds  per 
firing,  however,  should  be  relatively  simple. 

6.  WUhregard  to  salvo  versus  ripple  fire,  the  latter  has  the  advantage 
of  net  cungKamding  the  recoil  loads  on  the  launcher,  its  supporting 

structure,  sad  the  vehicle  and  Is  probably  also  superior  from  the  standpoint  of 
hydrodynamic  interaction  effects . 
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?.  Thars  •;«  assay  ecmsideratiees  other  than  ihew-gSytt  above,  as  for 
example  the  hss&rd  problem,  which  requires  positive  ejection  of 
missiles  to  preclude  the  possibility  burning  the  launcher  end  hull,  and 
assurance  that  an  armed  missile  cannot  contact  the  firing  vehicle.  Firing 
mechanisms,  "»**«*  of  missile  ignition,  possibilities  of  water  damage  to 
loaded  missiles  and  launcher,  and  problems  of  corrosion  are  additional  exzrv 
pies.  However,  until  the  more  basic  and  fundamental  -problems  discussed' 
above  have  been  adequately  investigated,  consideration  of  detailed  require- 
ments would  be  superfluous. 
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A.  GENERAL 


For  the  purposes  of  this  analysis,  the  hydrodynamic  properties  at  the 
Hydroduct  have  been  examined  primarily  frotnthe  standpoint  at  those  condi- 
tions or  peculiarities  which  mightdegrade  the  feasibility  and  effectiveness  of 
the  weapon  under  operational  use*  To  accomplish  this  study,  existing  test 
data  for  versions  of  thi*  weapon  and  for  aimiiar  weapons  have,-  wherever 
possible,  been  projected  to  situations  not  covered  by  the  tests,  but  which 
might  be  expected  to  occur  in  operational  use.-  Theoretical  studies  have  been 
applied  where  necessary  to  supplement  test  data  in  establishing  fee  influence 
of  important  ballistic  par  ameters.- 

The  effectiveness  of  fee  Hydrodnct  weapon  is  directly  related  to  deviations 
of  fee  trajectory  and  dispersions  resulting  from  hydrodynamic-  and  physical 
anomalies*  As  used  in  this  part  at  the  study,  deviations  are  considered  to  be 
variations  in  fee  mean  point  of  impact  introduced  directly  and  uniquely  by 
operational  parameters  at  launching.  They  will  appear  in  the  form  of  biaaee 
of  known  magnitude  and  direction,  and  will  not  be  considered  to  include  aim-  « 
lag  errors.  Dispersions  are  in  general  those  variations  which  are  fee  results 
of  physical  differences  between  vehicles  of  a statistical  nature,  and  hydrody- 
namic anomalies  introduced  by  launching  operational  parameters  which  influ- 
ence individual  vehicles  differently. 

Ordinary  dispersion  patterns  have  beonf airly  well  established  in  restricted 
-tests  on  small  test  versions  of  fee  weapon.  These  tests  are  relatively  few  in 
number  Iran  a statistical  standpoint;  however,  they  do  provide  some  indica- 
tion of  fee  dispersion  qualities  of  fee  general  configuration  and  philosophy  of 
operation  for  preliminary  evaluation  purposes. 

The  tests  referred  to  above  were  carried  out  under  essentially  static  con- 
ditions, and  do  not  provide  any  indication  of  dispersions  unique  to  launching 
in  salvos  from  a moving  vehicle,  or  at  deviations  resulting  from  known 
launcher  or  launching  vehicle  motions  at  fee  instant  of  launching.  Since  con- 
cepts of  operational  use  of  fee  weapon  include  launching  in  salvos  from  maneu- 
vering vehicles,  all  of  these  additional  effects  must  us  evaluated,  at  least  in 
order  of  magnitude  of  resulting  deviations  and  dispersions , before  fee  opera-- 
tional  effectiveness  or  feasibility  of  fee  weapon  can  be  more  completely 
assessed. 

Deviation*  aixl -dispersion*  -of  primary  interest  in  this  study  and  which  re- 
quire evaluation  are  than  those  additional  ones  thttaris*  through  conditions  at 
launching  introduced  by  variations  in  operating  parameters  sod  launching 
methods  such  as  launching  vehicle  speed  And  maneuvering,  launcher  motion, 
direction  of  launching,  type  of  salvo,  etc*  Variations  in  fees*  parameters, 
sines  they  are  associated  wife  launching,  essentially  manifest  themselves  in 
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variation*  in  initial  conditions  at  the  beginning  of  the  trajectory:  hence,  the 

resulting  effects  on  the  trajectory  can  be  evaluated  analytically  through  in*  I 

sertion  of  the  applicable  initial  conditions -in  the  equations  of  motion  for  the 

Hydroduct  and  comparing  the  resulting  trajectory  with  a trajectory  computed 

for  the  static  firing  case.  * 

4 

Conversion  of  operational  and  design  parameters  into  initial  conditions 
amenable  to  obtaining  quantitative  measures  of  deviations  and  dispersions  * 

can  be  done  conveniently  in  analysing  the  effects  of  most  practical  launch* 
ing  vehicle  and  launcher  motions.  However:  data  presently  available  do  not- 
allow  insertion  of  definite  quantitative  measures  of  the  effects  of  cavitation - 
(which  can  result  from  launching  from  a moving  vehicle)  and  mutual  inter* 

Terence  (resulting  from  salvo  launching ) in  the  equations  of  motion.  In  these  I 

latter  cases,  this  analysis  is  generally  restricted  to  estimating  whether  or 

not  cavitation  or  mutual  interference  might  be  expected  to  occur  at  various 

values  of  launching  parameters  without  any  actual  quantitative  estimates  of 

resulting  variations  in  the  trajectory,  is  general,  data  that  are  available 

indicate  that  for  a weapon  of  this  type  both  of  these  items  could  be  expected 

to  have  rattier  large  and  uncertain  effects  on  the  trajectory.  Hence,  condi-  * 

tious  at  launching  which  could  induce  either  cavitation  or  mutual  interference 

should  probably  be  avoided.  A general  evaluation  of  there  two  effects  can  j 

then  be  best  expressed  at  this  time  in  terms  of  restrictions  placed  on  opera* 

tianal  situations  to  avoid  the  occurrence  at  either  cavitation  or  mutual  inter*  - 

ferenco.  ■ 
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B.  INITIAL  CONDITIONS 


The  main  effect*  of  launching  vehicle  and  launcher  motion- is  to  induce 
crop*  current*  at  lira  launcher  and  rotational  velocities  -of  the  launcher  at  the 
instant  of  launching.  Thesecross  current*  awl  launcher  rotation#  manifest 
themeelves  in  angle  of  attack  or  yaw  and  angular  velocities  in  pitch  or  yaw  of 
Out  Hydroduct  as  it  leaved  the  launcher * Under  some  condition* , increased 
relative  velocity  of  the  Hydroduct  also  results* 


The  influence  of  rectilinear  steady  motion  of  die  launching  vehicle  in  induce 
iug  angle  of  attack  or  yaw  at  launching  is  developed  in  Appendix  X.  The  angle 
of  attack  or  yaw  and  the  direction  of  motion  of  the  center  of  gravity  as  the 
Hydroduct  leaves  the  launcher  can  be  directly  expressed  in  terms  of  Hydro* 
duet  launching  speed,  launching  vehicle  speed*  and  angle  of  launching  relative 
to  the  launching  vehicle.  Also*  in  launching  close  to  the  velocity  vector  of 
the  launching  vehicle  the  relative  velocity  of  the  Hydroduet  can  ba  substanti- 
ally higher  than  the  launching  speed  relative  to  the  launcher*  approaching  the 
sum  of  the  launching  speed  and  the  speed  of  the  launching^vehicle . 

If  the  launching  vehicle  is  moving  in  a steady  curved  path*  an  additional 
angle  of  attack  or  yaw  is  induced,  and  an  initial  angular  velocity  is  imparted 
to  the  Hydroduct  upon  leaving  the  launcher.  The  additional  angle  of  attack  or 
yaw  is  a function  of  the  distance  between  the  center  of  rotation  of  the  launch-* 
tng  vehicle  and  flu  sod  of  the  launcher*,  the  i speed  of  the  Hydroduct  as  it  leaves 
the  launcher*  and  tha  angular  velocity  of  the  launching  vehicle*  Angular  rota- 
tions of  the  launcher  alone  will  have  a similar  effect  in  imparting  angle  of 
attack  or  yaw  and  angular  velocities  to  the  Hydroduct. 

Since  this  study  Is  primarily  concerned  with  submarine  launched  Hydro - 
ducts,  all  of  the  values  of  die  operational  parameters  used  in  estimating  tha 
effects  of  launching  vehicle  motion  are  based  cm  submarine  performance  data 
obtained  from  various  available  reference  material.  For  the  purpose  of  this 
study  the  launcher  is  assumed  to  be  fully  trainable  in  azimuth  and  elevation.  - 

Maximum  apeed  considered  for  the  launching  vehicle  was  assumed  to  be  20 
feet  per  second*  in  accordance  with  data  contained  in  Reference  1.  This  is 
near  the  maximum  submerged  speeds  (one  hour  rate)  for  the  ''Guppy"  and 
"SSK”  type  submarines*  Angles  of  attack  and  yaw  induced  at  this  speed  for- 
various  angles  of  launching  are  shown  in  Fig,  6. 

A launching  submarine  pitching  rate  of  about  l°~  per  second  was  assumed  - 
from  Reference  2*  and  represents  the  extreme  of  full  scale  trial  data  on  a 
"Guppy**  type  submarine  in  n dire  maneuver  reduced  to  10  knots  (•  17  fps). 

The  angle  of  atteofc  produced  by  this  effect  is  approximately  . 002  radians  for  a 
launcher  located  30  feat  from  die  center  of  rotation  of  tha  submarine.  The 
pitch  rate  of  rotation  Imparted  to  the  Hydroduct  is  .0171  radians  per  second.. 
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Launching  submarine  turning  rates  ware  obtained  from  Reference  3 for  a 
"Guppy”  conversion.  These  data  indicate  ra&idmum  turning  rates  of  about 
.033  radians  per  second  ad  a forward  spi  ed -of  -20  feet  per- second  as  typical* 
of  mere  or  isss  extreme  operational  values.  This  induces  an  angle  of  yaw  of 
about  .004  radians  ad  launching  for  a launcher  located  30  feet  from  the  center- 
of  rotation  of  the  submarine. 

Actual  rates  of  rotation  of  the  launcher  alone  which  might  be  used  are  un« 
known*  Simply  to  follow  a surface  target  traveliag-at  SO  feet  per  second  in 
the  opposite  direction  from  the  launching  submarine  traveling  at  20  feet  per 
second  would  require  a rate  of  rotation  of  about  .0?  radians  per  second  for  a - 
range  of  1000  feet-.  Elevation  angle  rates  of  about  .01  radians  per  second 
would  be  required  to  follow  a limit  diva  maneuver  of-a  10-knot  submarine 
diving  from  the  surface  and  stabilising  out  at  400  feeMEeference  2).  These 
situations  might  be  practical  as  som-  sort  of -criteria  in  cases  of  launching: 
repeated  salvos  si  moving  targets. 

There  are,  of  course,  many  other  secondary  effects  of  launching  vehicle 
motion  that  will  influence  the  trajectory.  For  instance,  the  flow  pattern 
around  a moving  submarine  will  la  itself  introduce  differences  in  the  direction: 
of  the  cross  stream  at  the  launcher  which  will  influence  initial  conditions. 
However,  time  does  not  permit  evaluation  of  such  additional  problems  in  this 
study,  and  the  present  analysis  must  necessarily  be  restricted  to  those  effects 
that  appear  offhand  to  have  the  largest  influence  on  the  effectiveness  of  the 
weapon. 
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A factor  which  may  b«  of  considerable  Importance  in  inducing  initial 
condition*  of  angle  of  attack  or- yaw  and  angular  velocities  of  the  Hydroduct  at 
launching  is  tip-off,  particularly  if  fee  launching  submarine  is  in  motion. 

tf  the  Hydroduct  is  hot  supported -rigidly  by  the  launching  during  the 
time  it  r amain*  in  the  launches',  both  hydrodynamic  and  gravity  effects  can 
result  in  displacement  of  the  center  of  gravity,  and  angular  velocities  in  pitch 
or  yaw  of  the  Hydroduct  relative  to  the  launcher  axis  before  the  launcher  is 
cleared.  These  in  turn  contribute  to -initial  conditions  of  angle  of  attack  or 
yaw,  angular  velocity,  and  differences  in  the  flight  path  at  the  time  the  Hydro* 
duct  leaves  the  launcher.  The  magnitude  and  character  of  these  initial  condi- 
tion* is  dependent  on  launcher  design  characteristics  and  on  operating  condi- 
tions at  launching.  Sines  the  launcher  design  is  not  established  in  final  detail 
as  yet,  say  attempts  to  analyse  the  effects  of  tip-off  at  this  time  must  neces- 
sarily be  based  largely  upon  assumed  launcher  characteristics  and  interfer- 
ence effects  which  may  not  be  representative  of  the  final  design.  However, 
certain  illustrative  cases  can  b*  useful  in  bringing  out  factors  in  launcher 
design,  and  to  possibly  get  some  idea  of  the  boundaries  of  possible  results  of 
tip— off*. 

Studies  of  proposed  launching  methods  for  the  Hydroduct  indicate  that  it 
might  bo  reasonable  to  assume  that  tbe  rear  of  the  missile  is  constrained  to 
move  along  the  axis  of  the  launcher  until  very  close  to  the  exit.  Also,  it 
appears  conservative  to  assume  that  no  support  is  provided  by  the  lip  of  the 
launcher  after  the  maximum  thickness  point  of  the  Hydroduct  passes  the  end 
of  the  launcher.  With  these  conditions  of  constraint,  and  assuming  that  both 
hydrodynamic  end  gravity  momenta  ere  effective,  dm  equations  of  motion 
describing  the  tip-off  are  developed  in  Appendix  VZ.  Resulting  angles  of  attack 
or  yaw,  angular  velocities  of  rotation,  and  flight  path  angles  as  functions  of 
launching  conditions  are  given  in  this  appendix.  Translations  of  die  center  of 
gravity  during  tip-off  are  quite  small  in  all  cases  and  need  not  be  considered 
in  further  trajectory  analyses. 
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D.  DYNAMIC  CHARACTERISTICS 


The  magnitude  and  character  of  the  additional  deviations  and  dispersions 
resulting  from  the  introduction  of  various  initial  conditions  at  launching  out- 
lined in  the  previous  section  depend  on  the  dynamic  characteristics  of  the 
Hydrodoct  itself  and  on  the  magnitude  and  character  of  these  initial  conditions. 
As  pointed  out  earlier,  determination  of  these  deviations  and  dispersions  is 
implemented  through  solution  of  equations  describing  the  motion  of  the  Hydro- 
duct,  with  She  proper  initial  conditions  inserted  to  describe  the  character  of 
causative  factors . 

Approximate  equations  of  motion  suitable  for  this  analysis  are  given  in 
Appondix  Q.  From  these  equations  the  space  position  of  the  Hydroduet  center 
of  gravity  can  be  established,  along  with  the  space  orientation  of  the  flight  pah 
and  die  aids  of  the  Hydroduct  at  any  time  during  the  trajectory.  Comparison 
of  calculated  trajectories,  including  causative  factors  of  interest,  covering  the 
range  of  expected  operational  conditions  with  trajectories  determined  without 
these  effects  will  give  some  indication  of  additional  deviations  and  dispersions 
which  might  be  encountered.  Knowing  these,  a cursory  evaluation  of  the  var- 
ious conditions  at  launching  can  be  made  in  terms  of  weapon  effectiveness  and  . 
feasibility  through  hit  probability  analyses. 

The  introduction  of  various  initial  conditions  in  the  equations  of  motion  for 
tiie  Hydrodoct  results  in  transients  occurring  immediately  after  launching, 
during  which  the  initial  disturbed  conditions  are  reduced  to  steady  values,  end 
the  Hydrodoct  experiences  translations  end  rotations  in  space  which  are  differ- 
ent from  the  basic  trajectory  for  static  launching  conditions.  Conditions  at  the 
end  of  tills  transient  period  can  then  be  considered  as  initial  conditions  for  an 
essentially  undisturbed  trajectory  covering  the  balance  of  the  flight.  Differ- 
ences in  the  trajectories  at  the  target  are  then  diveefcly  related  to  the  differ- 
ences accumulated  during  the  transient  peri'  J. 


Examination  of  the  characteristic  equation  for  the  Hydrodoct  developed  in 
Appendix  H indicates  that  the  Hydroduct  will  exhibit  the  general  dynamic  char- 
acteristics of  a small  stable  vehicle  operating  at  high  speed  in  a dense  medium. 
Motions  are  well  damped,  and  undamped  natural  frequencies  are  high.  There- 
fore, any  disturbed  motion  will  be  reduced  to  steady  state  conditions  in  a very 
short  period  of  time.  In  addition  the  high  launching  speed  of  the  Hydroduct  has 
tiie  general  effect  of  reducing  the  magnitude  of  initial  conditions  resulting  from* 
variations  in  operational  parameters  at  launching.  Both  of  these  factor*  tend 
to  minimise  accumulated  differences  during  the  transient. 

If  the  transient  it  of  short  enough  duration,  the  motion  -during  the  transient 
can  be  satisfactorily  analysed  on  the  basis  of  no  might,  center  of  gravity,  or 
i } speed  change.  The  general  form  of  the  transient  in  angle  of  attack  or  yaw  and  - 
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the  flight  path  -angle  for  these  conditions  has  been  developed  in  Appendix  II. 
For  the  Hydroduct  in  the  launching  condition)  and  also  in  the  burned  condition 
at  a speed  of  ISO  feet  per  second,  these  transients  have  the  estimated  form 
shown  in  Fig.  7,  The  motion  is  overdamped,  and  approximately  99%  of  the 
steady  state  value  is  reached  in  about  .05  seconds  for  the  launching  condition, 
and  about  ,08  seconds  for  the  low  speed  condition,  la  this  short  period  of 
time  no  significant  changes  in  physical  characteristics  would-be  expected  to 
occur  to  alter  the  general  Character  of  die  transient.  The  difference  between 
transients  tax  the  burned  and  unburned  conditions  at  the  same  speed  is  small, 
being  o£  the  order  of  a 10%  increase  in  transient  time  for  the  unburned  con- 
dition in  each  case.  * 

The  condition  of  no  speed  change  during  the  transient  is  not  strictly  allow- 
able since  the  equilibrium  speed  of  the  present  Hydroduct  is  shown  to  be  depth 
sensitive  in  Reference  4,  with  the  equilibrium  speed  going  from  approximately 
275  feet  per  second  at  the  surface  to  about  158  feet  per  second  at  300  feet 
depth.  At  the  greater  depths,. then,  the  equilibrium  speed  is  substantially 
lower  than  the  launching  speed,  and  the  Hydroduct  will  decelerate  (hiring  the 
first  part  of  the  trajectory.  An  approximate  analysis  of  this  deceleration  is 
given  in  Appendix  V,  which  indicates  that  the  time  to  decelerate  to  equilibrium 
spaed,  is  relatively  large,  requiring  about  8.0  seconds  at  300  feet  depth.  Dur- 
ing a transient  of  .05  to  .08  seconds  duration,  the  speed  change  due  to  this 
deceleration  will  for  all  practical  purposes  be  negligible,  and  the  transient 
can  ba  considered  insensitive  to  depth  to  the  greatest  depths  considered  as 
operationally  feasible  for  the  Hydroduct  at  this  time.  Any  deceleration  to 
equilibrium  speed  can  then  be  considered  to  tak(T  place  entirely  during  tha 
essentially  undisturbed  trajectory  following  the  transient. 
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£.  DEVIATIONS 


I.  GENERAL 

For  i fce  immediate  purpose*  of  establishing  the  general  order  of  magnitude 
of  variations  in  the  trajectory  introduced  by  cross  currents  and  tip-off, 
motions  of  the  launching  vehicle  and  launcher  during  tactical  operations  will 
be  assumed  to  be  the  products  of  deliberate,  known,  controlled  maneuvers 
with  no  random  errors  introduced  by  controlling  elements  or  input  command 
signals.  The  main  results  will  appear  in  the  form  of  deviations  of  known 
direction  and  magnitude  which  are  dependent  upon  the  conditions  of  flight  path 
angle  and  speed  at  the  end  of  the  transient  described  previously  and  fixe  dynamic 
characteristic 3 of  the  Hydroduet. 

Since  fixe  transients  in  angle  of  attack  and  flight  path  angle  for  the  Hydro- 
duct  are  of  short  duration,  and  the  translations  of  the  vehicle  are  small  dur- 
ing the  transient,  it  is  sufficient  for  the  purposes  of  this  study  to  consider  the 
approximate  undisturbed  trajectory  to  originate  at  fixe  end  of  fixe  launcher,  but 
wife  fee  direction  of  fixe  flight  path  at  this  point  of  origin  being  the  value  deter- 
mined wife  consideration  of  the  transient. 

Z*  VERTICAL  TRAJECTORY 

The  vertical  trajectory  following  fixe  transient  in  angle  of  attack  and  flight 
path  angle  occurring  immediately  after  launching  can  be  conveniently  analysed 
using  fee  approximate  expressions  suggested  in  References  4 and  5,  and  shown 
to  Appendix  IV.  The  general  character  of  the  resulting  approximate  trajecto- 
ries for  representative  values  at  launching  parameters  are  shown  in  Figo.  8, 

9,  and  10.  These  trajectories  include  fee  approximate  offsets  of  weight  ch&xgfv 
deceleration  from  launching  speed  to  equilibrium  speed,  and  variations  in  equi- 
librium speed,  and  variations  in  equilibrium  speed  with  depth. 

The  trajectories  shown  basically  exhibit  the  characteristics  of  a very 
stable  body  wife  a relatively  high  ratio  of  initial  fuel  weight  to  total  weight.  The 
eqodHbrium  angle  of  attack  for  moment  balance  is  quite  small,  allowing  a fair 
degree  at  downward  curvature  to  fee  flight  path.  The  trajectory  flattens  out 
considerably  toward  fee  end  of  the  flight  path  when  near-neutral  buoyancy  is 
approached. 


A. com  pari*  on  cf  the  vertical  trajectories  for  static  launching  conditions 
wife  fixe  trajectories  including-- fee  total  estimated  effects  of  cross  currents  and 
tip-off  indicate  variations  in  maximum  total  deviations  -of  fee  order  of  those 
shown  in  Fig.  11  tar  various  typical  values  at  positive  elevation  angles  and  ex- 
treme valuta  of  launching-submarine  speed.  This  figure  indicates  feat  devia- 
tions of  fee  order  of  25  to  30  mils  would  be  fee  largest  feat  might  be  expected 
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to  result  from  launching  ahead  from  a moving  submerged  submarine.  With 
the  Hydroduet  limited  to  operational  depths  of  lose  than  300  feet,  surface  iar- 
< gets  at  slant  ranges  as  low  as  7S0  feet  could  he  attacked  with  a maximum 
launcher  elevation  angle  of  approximately  25°.  From  a 60-foot  launching 
depth*  this  same  slant  range  could  be  attained  with  a-  maximum  depression 
angle  of  about  14°  for  targets  at  a 300-foot  depth.  For  lower  slant  ranges* 
higher  limits  of  launcher  elevation  and  depression  might  be  required.  How- 
ever* the  probabilities  of  such  target  orientations  might  be  sufficiently  low  to 
enable  limiting  elevation  and  depression  of  the  launcher  to  these  values  as  a 
means  of  reducing  cost  and  complexity. 

Deviations  due  to  cross  stream  alone  without  tip-off, . and  hydrodynamic 
tip-off*  both  increase  with  increasing  angle  of  elevation  of  the  launcher.  Grav- 
ity tip-off  has  the  effect  of  counterbalancing  the  hydrodynamic  tip-off  effects 
at  positive  angles  of  elevation.  At  high  angles  of  elevation,  hydrodynamic  tip- 
off  can  contribute  substantially  to  the  total  deviation  if  launcher  design  is  not 
carefully  constituted. 

Trajectory  drop-off  places  some  limits  on  maximum  usable  slant  ranges 
which  are  functions  cf  launching  vehicle  depth  and  target  depth.  An  estimate 
cdt  these  limits  is  shown  in  Fig.  12. 

3.  LATERAL  TRAJECTORY 

The  mean  undisturbed  lateral  trajectory  following  tha  transient  is  defined 
by  a condition  of  aero  angle  of  yaw;  thus,  the  projection  of  the  mean  trajectory 
on  the  horisontal  plane  is  essentially  a straight  line*  the  direction  of  which  is 
defined  by  the  flight  path  angle  at  the  end  of  the  transient  following  launching. 

Some  examples  of  estimated  lateral  trajectories  obtained  under  conditions  of 
launching  at  various  angles  off  the  bow  of  a moving  submarine  are  shown  in 
Fig.  13. 

The  high  static  stability  of  the  Hydxoduot  causes  it  to  align  itself  very 
rapidly  with  Am  direction  of  the  relative  wind,  and  produces  a relatively  sub- 
stantial lateral  angular  departure  of  the  flight  path  from  the  relative  velocity 
vector  ad  launching  as  compared  to  a less  stable  eonfignraticn. 

The  resulting  lateral  deviations  for  various  angles  of  launching  and 
laanchlng-sebtoarina  spaed  are  estimated  in  Fig,  14.  It  can  he  seen  that  these 
deviations  get  rather  large  for  lrunchinge  at  high  angles  off  the  bow  of  the  sub- 
marine, approaching  the  length  if  some  applicable  targets  at  maximum  range. 
Hydrodynamic  tip-off  actually  has  a beneficial  effect,  at  least  for  launchings 
at  angles  less  than  90°  off  the  bow. 

Hydrodynamic  tip-off  duo  to  motion  of  the  launching  vehicle  can  have  radar 
large  effects  on  the  lateral  trajectory  at  high  angles  of  launching  due  to  tha 
relatively  large  initial  angles  of  yaw  existing,  as  shown  in  Fig,  14.  It  has  the 
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effect  of  substantially  reducing  the  total  deviation  ■ over  a large  range  ol 
launching  angles* 


Steady  turning  of  the  launching  submarine  at  near  maximum  ^te!^*  c*ti 
mated  to  ^oduw  deviation*  of  Uieordor-of  2.5  mil*  essentially 
of  the  launching  angle.  These  estimates  are  based  on  turning 
previously  discussed  in  the  section  on  "Initial  . Conditions . Launcher  nation 
aXoao  for  the  more  or-  las#  fictitious  case  outlined  hi  that  same  section 
would  introduce  only -about  3 mile  -additional-deviation • 


The  aeviations  discussed  quantitatively  above  only  ap^yr  of  course.  ^ 
the  specific  cases  considered  with  the  assumed  tip-off  eanmtion* 

earlier.  These  deviation*  can  vary  conaiderably  wifii  design  aspect*  of 

launcher  and  with  variations  to  the  design  of  the  Hydroduct  eU. 

cannot  be  considered  as  final  quanfitative  vatoes  in  any  sense,  *“ 

present  a preliminary  analysis  of  what  appears  tohe  Out 

nitude  of  trajectory  differences  that  might  bo  expected  *.  res'** 

tions  to  operational  parameters  on  the  baeis  of  present  available  information. 
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F.  DISPERSION 


Tb«  previous  discussion  is  concerned  with  factors  that  primarily  indues 
deviations  is  the  trajectory  of  known  amount  and  direction,  resulting  from 
variations  in  operational  parameter*  at  launching . These  variations  would 
aot  be  expected  to  induce  any  dispersions  in  themselves.  Any  possible  re- 
suiting  dispersion  effects  would  he  due  to  aggravation  of  dispersion  already 
existing  from  other  causes. 

Muin  sources  of  symmetrical  occidental  dispersion  for  a rotating  vehicle 
are  manufacturing  tolerances  resulting  in  fin  and  thrust  misalignments,  and 
handling  damage  such  as  bent  fins  and  surface  dents.  These  items,  in  effect, 
set  as  forcing  terms  in  the  equations  of  motion  as  shown  in  Appendix  II.  Solu- 
tion of  the  equations  with  these  forcing  terms  included  results  in  a steady  state 
dispersion  term  and  additional  terms  that  die  out  exponentially  during  the  tran- 
sient following  launching.  The  components  of  the  dispersion  terms  in  the  hor- 
izontal and  vertical  planes  are  oscillatory  in  nature,  with  magnitude  dependent 
upon  the  frequency  of  rotation  and  the  dynamic  characteristics  of  the  Hydro- 
duct  itself.  They  are  in  themselves,  for  all  practical  purposes,  independent 
of  die  initial  conditions  of  angle  of  attack  or  yaw  and  rate  of  change  of  angle  of 
attack  or  yaw  at  launching. 

The  inherent  dynamic  characteristics  of  die  Hydroduct  appear  to  be  quite 
favorable  aa  far  as  minimising  the  effects  of  physical  anomalies  in  producing 
symmetrical  dispersions.  The  high  undamped  natural  frequency  and  the  good 
damping  characteristics  tend  to  keep  the  magnitude  of  the  steady  state  disper- 
sion term  low.  Actual  dispersions  cannot  be  evaluated  analytically,  however, 
aince  no  statistical  data  on  accidental  damage  or  manufacturing  tolar sness  ara 
available. 


Lateral  dispersion  data  from  testa  of  die  4. 5-Snch  version  oi  the  Hydroduch 
such  as  are  reported  in  Reference  4,  are  indicative  of  the  general  order  of 
maguitnde  of  symmetrical  dispersions  which  might  be  expected  to  occur  under 
essentially  static  launching  conditions..  The  average  of  such  tests  to  date 
appear*  to  indicate  that  a standard  deviation  of  lateral  dispersion  of  the  order 
of  about  8 mils  might  be  reasonable  to  assume  as  possible  for  this  weapon* 

A standard  deviation  of  vertical  dispersion  of  16  mile  appears  to  be  corre- 
spondingly acceptable.  Satisfactory  tests,  however,  are  still  relatively  few 
in  number,  and  statistical  confidence  intervals  are  necessarily  large.  How-  - 
ever,  there  data  do  give  ei  least  some  indication  of  the  general  dispersion 
qualities  of  the  weapon  for  preliminary  evaluation  purposes* 

The  introduction  of  initial  conditions  os  angle  of  attack  or  yaw  and  rate  of 
change  of  angle  of  attack  or  yaw  at  launching  due  to  cross  currents,  tip-off, 
•tc. , produce  deviations  which  can  alter  toe  instantaneous  dynamic  character- 
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is  tic*  of  the  Hydroduct  during  the  trajectory*  Since,  at  shown-  in  Appendix  II, 
the  magnitude  of  dispersions  depends  on  these  dynamic- characteristics,  the  dis- 
persion pattern  can  be  affected  by  conditions  of  operational  use  which  primar- 
ily induce  deviations*  The  only  effect  of  any  probable  importance  here,  how- 
ever, comes  about  through  the  depth  sensitivity  oftho  equilibrium  speed  of  the 
Hydroduct,  and  any  deviations  in  the  vortical  trajectory  which  produce  appre-  * 
ciable  equilibrium  speed  changes  may  alter  the  undamped  natural  frequency  and 
damping  ratio  of  the  Hydroduct  enough  to  give  rise  to  additional  dispersions 
which  should  be  included  in  evaluation  studies. 


Actually,  as  indicated  in  Figs.  8,  9,  and  10,  total  deviations  in  all  cases  - 
considered  gave  a net  decrease  in  depth  at  the  target.  This  has  the  effect  of 
increasing  equilibrium  speeds,  which  in  turn  should  reduce  the  magnitude  of 
dispersions.  This  would  not  be  true,  however,  for  launching  at  large  angles 
of  depression  against  deep  targets* 

The  large  ratio  between  the  standard  deviations  of  vertical  dispersion  and 
lateral  dispersion  indicates  that  variations  in  thrust  Iron  one  Hydroduct  to  the 
next  are  appreciable  for  teat  vehicles  to  date.  This  Is  attributed  in  Reference 
6 to  difficulty  in  controlling  the  Aldo  grain  daring  the  manufacturing  process. 
According  to  fids  reference,  steps  are  being  taken  to  improve  this  situation. 
Later  tests  seem  to  indicate  some  improvement  over  earliest  results* 
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G.  CAVITATION 


The  results  of  tests  «ueh  as  are  reported  in  Reference  6 appear  to  confirm- 
the  cavitation-resistant  qualities  of  the  general  configuration  represented  by  * 
the  Hydroduct.  These  data  indicate  that  cavitation  coefficients  ax  low  as  .075 
« were  reached  in  some  esses  before  apparent  incipient  cavitation  -occurred, 

while  practically  no  eesitatioa  appeared  to  occur  at  coefficients  greater  Qian 

.10. 

Data  on -other  similar  finned  vehicles  and  oa  hydrofoils  given  in  Reference 
7 show  that  the  cavitation -coefficient  for  the  onset  of  cavitation  will  in  geaenl 
* increase  with  increased  angle  of  attack  approximately  as  the  square  o£  the 

angle  of  attack.  Projecting  these  data  to  the  Hydroduet  gives  the  estimated 
variation  in  cavitation  coefficient  for  cavitation  (meet  shewn  in -Fig.  15.  These 
results  are  expressed  in  terms  of  operating  limits  in  Fig.  16.  With  angles  of 
yaw  from  Fig.  6*  some  idea  of  possible  limitations  on  operating  parameters 
i imposed  by  cavitation  of  the  Hydroduct  can  be  obtained. 

Fig.  16  indicates  that  the  Hydroduct  can  operate  at  equilibrium  speeds  with- 
out cavitattng  at  depths  below  about  55  feet  at  essentially  aero  angle  of  attack 
or  yaw.  However*  with  a fixed  launching  speed  of  250  feet  per  second,  static 
launchings  at  depths  loss  than  65  foot  may  produce  cavitation.  Those  minimum  - 
1 depths  increase  with  angle  of  attack  or  yaw  existing  at  launching  due  to  cross 

stream  conditions.  Launching  limits  for  various  values  of  launching  vehicle 
speed  and  angles  of  launching  are  indicated  directly  in  this  figure. 

The  effects  of  cavitation  on  the  trajectory  would  be  very  difficult  to  assess 
4 analytically  at  this  time.  When  cavitation  apparently  occurred  due  to  exces- 

sive speeds  reached  daring  tests  of  tho  4. 5-inch  version,  the  trajectory 
appeared  to  be  extremely  erratic  and  unpredictable.  Hence,  it  is  probably 
desirable  to  avoid  conditions  at  launching  which  could  plsoe  the  Hydroduct  in 
situations  of  depth,  speed,  and  angle  of  attack  or  yaw  in-whieh  cavitation  might 
occur  in  accordance  wUh  the  figures  referred  to  above. 
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H.  MUTUALt  INTERFERENCE 


Available  data  appear  to  give  so  indication  of  the  effects  of  mutual  interfer- 
ence between  wet-running  vehicles  of  the  Hydroduct  type.  Tests  on  cavity-  ^ 

running  rockets,  the  results  of  some  of  which  are  reported  in  Reference  8,  f 

indicate  that  launching  in  salvos  with  spacing  between  vehicles  of  loss  than 
one  to  three  diameters  produced  extremely  erratic  result*  * and  this  method  of 
launching  was  considered  infeasible  for  operational  use.  Fast  ripple  firing, 
however,  produced  no  erratic  effects  for  intervals  between  missiles  of  down  . 

to  approximately  ,3  seconds.  Thus,  it  appears  that  the  mutual  interference  ! | 

problem  for  the  Hydroduct  should  hot  be  serious  if  care  is  observed  in  apac- 
i**f  n&d  sequencing.  Further  investigation  Is  required  to  mots  dearly  estab-  j 

Ush  tee  limits  of  these  items  ter  tee  Hydroduct, 
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A.  GENERAL 


a.  fT^'1  ‘r-'ec*‘v'ne“  * • ***P«  «r»t«m, 

butiai  of  hit  ud  kill  pr£ilSS£  mo»  > #>">  detenu. 

i*-i.  CO  DtohrtflS;  Sgyr?^%,”r*  11  » '“‘w  «•  N-aea  btroo,  «n. 

a*r.  „ n. doabTSS  i »e  £^,£1,°'  * * ■*»«««, «ad 

the  most  Uagibls  for  ,.tevoIved*  **•  probability  is 

desired  result  of  « limited  «a*3y«S5^Sdv  *°  £!?*  w£tk*fttd  h*ac*  moat 

bMi.  for  conclusion  •houid^^ed  ^c*^^'0  *******  as  a 

•a  ^*Ica^ion  °*  hit  probabilities  of 

«mt  exerts  the  areL«t^^L  “^  “ **  *•*»«*/  «**  ^curacy  of  aim 

it  is  apparent  that  data  regard!**  nertfnJ^r*^/  *“  ***  C4*C  °*  **“  Hydroduct* 
inconclusive,  and  stoce  *imi«g  parameters  are  scant  and 

flight,  the  difficulty  £ dSt^!i^f!°!!!  * ®f^i«ty  of  highly  accur- 

oies  is  a serious  problem  The  me-Jnf  nt  * ub***«tiatlng  the  aiming  aecura- 
«•««.  a“  »f«rdid.,ot  pwnat  a,. 

«■•  validity  of  other  beau  cooclueioo.  regerdtag  atatag  errors,  or 

C»lbblu«l  .ad  .op^rtod  l^yoed  ^ to  b. 

investigation  of  this  problem.  analett^TV^i  **  However*  “ * preliminary 
floence  of  several  <m£r.tioosl  ^1*?  *"*«  m*da  <* the  *«»■**•  lo- 
be of  concern  in  thisttudy  and  *Mir*0mrtr  indicated  to 

•WUties  of  the  Hydrodu!?  The  reantL^rflif*1*  etf,cts  °®  bit  prob- 

’*•*  •— •—  - .u».^:,^tx*vrroa^-^r - — ■ 


» 


> 


» t 


» 


« 


» 


4 


> 


4 < > 


> 


Page  b2  of  94 


SECRET 


i 


< 


SECRET 


o 


A * effects  of  dispersion  and  system  errors 


The  degradation  imposed  on  hit  effectiveness  of  the  Hydroduct  weapon  sys- 
tem by  deviations  sad  dispersions  introduced  through  operational  use  factors 
discussed  previously  can  only  be  evaluated  in  terms  of  basic  dispersion  char- 
acteristic*  and  system  errors  involved  in  locating  the  target -and  aiming  the 
weapon.  For  instance,  if  either  or  both  dispersions  and  random  errors  in 
locating  and  aiming  sore  comparatively  large,  substantial  biases  introduced  by 
cross  stream  and  tip-off  may  havo  little  effect  on  hit  probability , and  correct- 
ing for  such  deviations  may  be  of  doubtful  values  over  large  ranges  of  opera- 
tional parameters.  An  illustration  of  this  is  given  in  Fig,  i?  for  several  total 
random  e.vrors  whic&  include  both  aiming  errors  and  dispersions.  The  rela- 
tive degradation  in  single-shot  probability  increases  quite  rapidly  with  verti- 
cal bias  for  low  total  random  elevation  errors,  'and,  unless  corrected,  rela- 
tively small  biases  may  reduce  total  hit  probability  significantly.  However, 
with  large  random  elevation  errors,  substantial  biases  can  be  tolerated  with 
very  little  relative  decrease  in  hit  probability.  At  large  uncorrectsd  offsets, 
substantially  increased  random  errors  give  actually  greater  hit  probabilities. 
As  a matter  of  fact,  unless  provisions  are  made  for  at  least  partial  correc- 
tion a i large  biases  which  may  be  introduced  by  operational  factors,  there  map 
be  some  distinct  disadvantages  in  a weapon  system  having  low  total  random 
) errors.  Hit  probabilities  in  Fig.  1?  and  the  following  figures  were  determined 

with  the  methods  generally  indicated  in  References  10,  11,  and  12. 

The  fall-off  in  hit  probability  with  horizontal  bias  is  much  lees  pronounced 
than  with  vertical  bias  for  beam  attacks  due  to  the  elongated  shape  of  applicable 
targets.  However,  for  target  aspects  close  to  the  bow,  die  relative  decrease 
in  hit  probability  with  horizontal  bias  becomes  much  more  severe.  This  vari- 
ation with  target  aspect  for  the  single-shot  case  is  illustrated  in  Fig.  18.  The 
relative  degradation  in  hit  probability  with  bias  is  improved  with  increased 
salvo  sine,  but  is  increased  with  reduced  random  errors,  as-is  indicated  in 
Figs.  19  and  20,  for  vertical  biases.  Comparisons  of  Figs.  18  and  21  will 
provide  an  illustration  of  the  influence  of.  salvo  sist  and  random  errors  on  the 
effects  of  ho^'^oniai  biases.  The  salvos  assumed  here  are  spaced  vertically 
to  maximise  *. .»  probability  in  each,  ease.  Optimum  salvo  spacing  varies  with 
system  -errors,  dispersions,  and  number  of  Hydroducts  in  die  salvo. 

As  indicated  above,  total  random  errors  consist  is  the  mein  of  system 
errors,  which  include  random  error*  in  locating  the  target  and  in  aiming  the 
laaneher  submarine,  and  ballistic  dispersions.  The  relative  influence  of 
each  of  these  major  sources  of  random  error  on  hit  probability  for  salvos  of 
Hydroduets  with  optimum  vertical  spacing  is  shown  in  Fig.  21.  This  figure 
indicates  that  only  with  very  accurate  target  location  and  aiming  does  improve- 
\ meet  in  dispersion  result  in  a very  substantial  increase  in  expected  number  of 

hits . Ct-i.  Merably  more  improvement  could  be  attained  by  the  same  reduction 
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in  system  errors  in  ail  cases  where  system  errors  are  relatively  large.  The 
relative  improvement  to  be  gained -by  reduced  dispersion  as  compared  to  re* 
duett ens  in  system  errors  decreases  with  increased  salvo  sine.  This  further 
de- emphasises  the  value  of  low  dispersion  characteristics  in  the  presence  <■' 
relatively  high  system  errors  if  luge  salvos  are  to  be  used  to  gain  incre*  .... 
hit  probability.  Thus,  if  a high  level  of  accuracy  is  attainable  in  target  1 c.v> 
tioa  and  aiming  of  the  weapon,  low  dispersion  characteristics  will  insure  a 
high  level  of  absolute  hit  probability*  However,  the  requirements  for  correc- 
tion of  deviations  due  to  such  effects  as  cross  stream  and  tip-off  axe  also  cor- 
respondingly high  to  prevent  dis proportionate  degradation  of  this  high  initial- 
level  of  hit  effectiveness.  To  fully  exploit  the  advantages  of  a low  diaperaion 
weapon, it  is  then  imperative  to  provide -other  system  elements  having  a high 
degree  of  accuracy  and  the  ability  to  correct  for  the  effects  of  vuiations  in 
operational  parameters.  However,  in  any  case,  unless  system  errors  are 
extremely  luge,  low  dispersion  will  be  of  at  least  some  advantage  in  increas- 
ing hit  effectiveness, 

A brief  investigation  of  the  characteristics  of  fire  control  systems  for  use 
with  the  Hydroduct  indicated  quite  a wide  range  of  reported  capabilities  of 
these  systems  in  terms  of  errors  in  establishing  the  position  of  the  target.  No 
data  obtained  apuvs&cvd  lc-  be  consistent  enough  for  specific  evaluation  purposes. 
However,  the  mean  of  scattered  information  on  maximum  bearing  errors  for 
the  "JT"  passive  listening  and  tracking  system  appeared  to  indicate  that  a 50- 
to  60-mil  maximum  lateral  error  in  target  location  might  be  reasonable,  at 
least  for  Intermediate  ranges.  These'ekrors  would  probably  Increase  at 
shorter  ranges  due  to  relative  tugei  -length  increasing  the  difficulty  in  estab- 
lishing the  center  of  the  tuget.  Indications  are  that  somewhat  better  bearing 
accuracies  will  be  attainable  with  improved  equipment  now  under  development. 

The  elevation  error  picture  appears  to  be  quite  obscure  at  this  time.  The 
only  date  available  were  in  the  form  of  an  estimated  range  error  of  about  20% 
for  passive  listening  with  the  "JBA"  vertical  triangulation  system  at  ranges 
leas  than  1500  yards  with  surface  tugets . This  would  imply  that  errors  in  ' 
measuring  elevation  angle  of  targets  with  the  "JBA"  passive  system  would  be 
a?  the  order  of  about  1°  if  the  range  error  indicated  occurred  at  a maximum 
slant  range  of  about  1000  yards  from  listening  depths  of  300  feet.  This  agrees 
with  tee  maximum  error  of  1.4°  in  elevation  angle  deduced  from  trial  data  in 
Reference  9 far  ranges  of  tee  order  of  1000  yards  and  keel  depths  of  360  feet. 
This  latter  reference  expresses  doubt  as  to  the  certainty  of  these  estimates, 
however,  and  arbitrarily  assumes  a standard  deviation  representing  a uraxintum  - 
error  of  about  four  times  this  value  in  -calculations  of  hit  probability  in  ih&t  - 


Trial  data  referred  to  in  Reference  9 slab  indicated  teat  elevation  angle 
accuracies  improved  at  tee  shorter  ranges*  This  might  be  expected,  since 
water  conditions  would  tend  to  have  less  affect  at  shorter  ranges  with  larger 
elevation  angles . 


Page  64  of  94 


SECRET 


V 


I 


ft 


<§> 


# 


$ 


ft  « 


ft  « 


ft  4 


ft  • 


ft 


( 


ft  < 


ft  < 


SECRET  ‘ 

With  submerged  targets,  it  would -bo  necessary  to  echo- range  to  fix  the 
position  of  the  target.  Range  errors  would  then  be  quite  small,  and  elevation 
angles  obtained  with  the  "J8A"  equipment  would  have  approximately  the  same 
errors  as  those  discussed  above  for  surface  targets* 

Since  the  information  on  elevation  accuracies  attainable  with  equipment  that 
might  be  expected  to  be  used  for  this  purpose  is  of  such  an  inconclusive  nature^ 
the  most  that  can  be- done  here  is  to  estimate  the  general- influence  of  varia- 
tions in  elevation  angle  accuracies  on  relative  degradations  imposed  on  weapon 
effectiveness  by  biases  introduced  by  such  items  as  cross  stream  and  tip-off* 
For  this  reason  the  figures  at  the  end  of  this  section  qre  based  on  several 
values  of  vertical  random  -system  errors  lying  generally  between  the  extremes  ~ 
indicated  by  trial  data  and  values  assumed  in  other  similar  studies. 

Insufficient  time  was  available  in  this  study  to  assess  the  errors  inherent 
in  actually  aiming  the  launching  submarine  or  in  aiming  the  launcher.  Assum- 
ing that  each  of  these  errors  does  not  exceed  1°  in  the  maximum,  the  increase 
in  standard  deviation  of  system  error  would  be  small  with  the  existent  standard 
deviations  of  error  in  locating  the  target  as  high  as  those  indicated  above  and 
used  in  this  study* 

With  typical  possible  random  errors  in  target  location  and  aiming  of  the 
order  of  20  mils,  fairly  large  biases  can  be  tolerated  with  relatively  small 
percentage  loss  in  hit  probability.  Over  most  of  the  conditions  shown  in  Fig* 

11,  the  reduction  in  hit  probability  due  to  uncorrected  cross  stream  launching. 
Fig.  20,  will  not  exceed  15%  to  20%  for  intermediate  ranges  of  possible 
system  errors.  Estimated  lateral  deviatiors  Including  tip-off  in  Fig.  14  will 
cause  only  small  percentage  losses  in  hit  probability,  even  for  attacks  well 
away  from  the  beam  of  the  target  (Fig.  21). 

Individual  effects  of  launcher  rotations  and  turning  of  the  launching  submar- 
ine at  the  rates  established  previously  in  the  section  on  "Initial  Conditions" 
wonld-have  no  appreciable  effects  on  hit  probability. 

to  the  elongated  nature  of  the  target  and  short  time  of  flight  of  the 
Hydroduet,  relatively  large  ranges  of  target  motion  can  also  be  tolerated  with 
little  reduction  in  hit  probability.  Fig.  16  indicates  that,  at  most,  only  about* 
a 10%  reduction  in  hit  probability  would  result  from  a submerged  target  trav- 
eling at  IS  feet  per  second  at  200  foet  depth  -if  the  launching  .submarine  were -at* 
the  same  depth  (Fig.  4)  in  a beam  attack.  There  would  be  essentially  no  de- 
gradation in  kit  probability  for  uncorrected  target  motion  in  the  case  of  on 
eight-knot  snorkelling  target  for  a beam  attack  from  a 200-foot  depth.  Com-* 
par  ably  low  degradations  in  hit  probability  would  be  expected  for  most  practi- 
cal situations  involving  m dying  targets* 
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Vs  a i winching  vehicle  volocity 
Vr  a relative  velocity  of  the  Hydroduct  (fligfci 
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tr*iectQVy,  if  the  launching  vehicle  velocity  vector  lies  in  & 

A =»  a a angle  of  attack  f 

^ ,m  * * **8**  of  Hydroduct  refarenoe  axiai  sea  Appendix  TT 

t 8 y 5 flight  path  angle  | 

*“*  ia  the  lateral  trajectory, 

4~m  0 sc  angle  of  yaw  | 

M » V a “S1*  Hydrcxhict  reference  axU  ^ see  Appendix  H 
t*f  rn  flight  path  angle 
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APPENDIX  XL 


EQUATIONS  OP  MOTION 


VERTICAL  TRAJECTORY 

For  Rio  purposes  of  this  study,  it  is  irafficientto  consider  the  motion  in  the 
lateral  plane  and  vertical  plane  separate??  and  Independently.  With  Use  addi- 
tional  assumptions  that  thrust  equals  drag  end  that  the  angle  of  attack  is  smdl 
the  equations  of  motion  in  the  vertical  plane  cea  he  written  as  shown  below 
with  the  assistance  of  the  static  fores  diagram  of  Fig*  1* 

Basic  Equations 


t 

i 

i 


i 


i 


•wff  «'  Aja-fAjf  ^.A}  ..  ..  ..  ..  .....  ..  ..  ..  (I) 

IS  m Bja  + Bg$  + B3  ..  ..  ..  (2) 


ft 


where 


AJ 


• -j/V2 


4CL 

da 


» 


# 


. I ftV  dCL 

a2  - -Tev  — s/t 


Aj  ■ (W*"B)  cos  > 


B>  - s<J 


BJ  « -Bfb 

4 - £ 

*6  - *-►<£ 
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Fig*  1 


Fore**  tad  moments  fat  this  set  of  equations  are  written  fat  terms  of  a aw- 
ing axis  system  with  the  x-axit  initially  pointing  along  the  direction  of  the 
relative  wind  vector  and  the  positive-  s-axis  pointing  down,  fat  these  expres- 
sionsu  ' ** 

dCf,  a Uft ^curve  slope  of  the  tail  based  on  frontal  area  of 
da  y 

S ■ projected  frontal  area  of  body,  ft* 

T-3  thrust,  lb 
T a volume,  ft? 

B ae  buoyancy,  .lb 

f a— mass  density  of  sea  water,  aluga/ft3 
W » weight,  lb 

mat  total  mass  tt  — — - (includes  virtual  mas*),- slugs 

f 

1 33  total  moment  of  inertia  £ l£  + Xyk1,  slog  ft2- 
V " virtual  inertia}  k*  **  ,84 


Pape  79  of  94 


• .'a  -Vi  . 


j'  mm 


; > 


i.  t 


' I n 


SECRET 

kj  »■  coefficient  of  apparent  mass  for  longitudinal  motion* 
kg  s,  coefficient  of  apparent  mass  for  lateral  -motion  * 

Mf  » coefficient  of  body  upsetting  moment  m -i  [|v(kg  — kjQ#  ib  ft 

and  the  remaining  items  are  defined  in  Appendix  I and  Figs.  I and  2. 
Transient  in  Angie  of  Attack 

•j 

With  constant  mass*  inertia*-  and  speed*  £q*.  (I)  and  {4)  result  in  Che  foi» 
lowingt 


dt  + 


A!  Bg  . f Bl 
“mV  " 1 ^ 


Ag.  . BgAj 

Sv>  * Tmv  * 


Bg  A3  B3  . ^ Ag 


I mV 


- <1  + - o 

* ' mV7 


This  is  of  form  « +•  :-«■  hfe*  C3 

tiie  scValion  of  which  is  - 

«<t)  - .-**[*■  ."“Ve  ‘ If  + Cg1  - 1 tj  + C3 

Cl*  and  Cg*  are  evaluated  from  initial  conditions . - 

.Case  I*  With  cross-current  conditions*  but  no  angular  velocity  at 
launching* 

te(t“‘0)  - Oq 
®(t  ■>  0}  — • ©> 


Therefore*  <x  (t  ■»  0)  «■ 


. Aj 

"*>  -sr-* 


AJ' 

mV 


*Kofac«  Louiui  Hydrodynamics . New  Yorks  Dover  Publications » Inc.*  1345* 
page  155. 
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an A- 


Ci‘ 


cz' 


st  a. 


I - 


<±L  - X.) 

'mV  Xl; 


*Z  - Al 


rS7  * Az  C3 


Az  - Aj 


a <*© 

~AJ 
mV  ” 

-S- 

“A3  _ " 

+ Al  °3 

A2  - 

If 

T 

a2  - *1 

where 


O 


>i  * **vrrrr 

Aj.«k  -0%  ■—  wttV£^  - I 


— f x,I*5§» 


1/2 


C3  - 


rs7 

e 

_£*£l  + ®i<n.2L> 

I mV  * ' —w* 


«ka 


CJ . is  the  steady  state  angle  of  attack. 

Case  lit  ittft  m 0)  ts  soi  uro,  as  for  the  case  o£  a manenw ring 
1 attaching  sab  marine  or  when  tiycfi  'is  present, 

«{t  a»  0)  a.  Oq 

*(t  - 0)  a 
*o  - «o  + ^ 

*1  ®o  *♦*  a2  ■*“  A* 


and 

Therefor^  c_v 

d« 


-A 


“S5T 


do  » (i  ^ «Q  + ^«o  + 


«o 


^-M>1 

r,  _ 

• 

Jk  _ 

S?+X2C3 

*a-M 

U al' 

Ag- 

8o 

_ *2  - h 

4 

- * 


t 

< 

< f 

i 

V 


ft  • 
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Tkt  resulting  trunsinntto  flight  gnih  „s). 
|I>  is  for  Caee  1, 


» y, 


obtained  from  integrating 


y - *o  9 - 


mV 


♦ A2  + a2)  Cir  e*1*  + + a2)  c2‘  e*** 


(A|  Cj  + A3)  t 


1 TA1 

lJ  ■ L'm 


At 


A2)  C,  + tjr  + A i)  Gg1 


o 


For  large  "t". 


- ~S*T-T**t  0.  * (4  + A2)  Cj* 

mV  + a2  mV  ♦ a2 


35.*Tft!5wi  S£&25?  3C2:  £v?*  f <*•»«•  »*  ni«ot  p.th 

flight  path,  which  rewe.ents  2122^”?  <*crwnw*xd  curvature  of  th» 

buorancy  and  increased  steady  state  a*L«  2^'  ^ec^fus*8  increased  not 

with  relatively  low  static  staMlttv  »m  TI*a4'  low  d*ns  ity  vebktas 

•lent  for  angle  of  attack*  2 «•  the  same  as  those  shown  in  the  traa- 

airs  it  -* c>>  ***  <*»•  **«*«. 

«»«»*■*  th.  sz TJrL  1?..  ,ora“M  «**  *»•  •“««  *.ou..t«- 
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LATERAL  TRAJECTORY 


The  lateral  equations  of  motion  can  similarly  be  set  up  in  terms  of  the  dia- 
gram of  Pig.  2.  In  this  case,  the  space  reference  axis  from  which  ^ and  fi, 
are  measured  is  conveniently  taken  as  the  velocity  vector  of  the  launcher  $r 
the  instant  of  launching*  The  approximate  equations  for  small  yaw  are  then  « 
follows: 

Basic  Souaticns 


mVf  - Kj*  ♦ KZi  ..  ..  . . . . . . . 

I?  « C*Y  

where 

k,  » \rv**gs 
* ■ 1 " tt  «« 

Cl  - T PvJ[j*(k2  -k,»  - ^ SI,] 
c*  = -I  PV 


(» 

(4) 


Y - 
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Transient  in  Angie  of  Yaw 

With  constant  spaed,  mssi,  and  inortia,  the  differential  equation  in  yaw  1st 


and  the  transient. 


m 


#-6%t 


ci"  * + Cj"  .-«*>  t 


ingi 


Cm  It  With  cross  current  conditions,  bat  no-eagular  velocity  at  launch- 


^{t®  0)  - fi0 

y{t  - o)  « o 


Case  it;  |f  B{t  » 0)  . not  sero,  as  far  the  case  of  a maneuvering 

launching  submarine  or  when  tip-off  Is  present, 


P(t  * 0)  * 0O 

H * - o)  - fo 
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&o  = * “mi  ^*-4' 


Cl 


- x,“ 

r k,  . -1 

<■  ~mV>  r°  i 

l“  *-*•  J 

«•* 

l 

< 

tt 


Cl 


4, 


r k*-ai1 

-mV  “/A 

r Kx 

**  ” mV*  V9 

„ *2  ~ A1 

4* 

*2  " *!_ 

SEO£? 


ISSSSteL  fa  £»*** 

Integration  of  Eq.  0}  give*  for  the  flight  path  angle, 

? ~fb  * mV'4rg£  + K2)  Cl'*  «Al‘  4-  (-^  * K 2)  C2n  •*** 

K2)C2H| 


» 


0 


» 


I 


» I 


I « , 


I • 4 


DISPERSION 

Bent  fine  or  misalignment  act  as  forcing  terms  in  the  equations  of  motion. 
As  an  illustration,  lor  the  lateral  plane  motion. 


mVp  «■  KjCl  ■*  Kg&  + K4S  sin  ei- 
Ifi  m Cja  4*  Gg$  «*»  G46  sin  #t- 


» « 


I I 


where  f is  same  acceptable  statistic  of  the  distribution  of  misalignment  or 
bending, . and  4*  is  the  frequency  of  rotation  of  the  Hydroduet  about  its  axis  of 
symmetry. 

This  results  in  s sinusoidal  Corel?*  function  intho  differential  equation  for 
angle  of  yawl 


Page  C5  of  94 


SECRET 


# 


I 


I 


> 


4 . 


& *•  ss  C5<  *ia  vt 


sicarr 


m 


0{t)  m mi  e*1*  +*  J»2  + 


C3  s la  fot  ~ V) I 

{,vt^  ~'  w3}^  + •%$  to*  | 


The  hunt  term  represent*  fchs  steady  »kte  value  of  ft  since  all  other  terms 
di«  oat  wqfwswtellyt  The  coefficient  in  brackets  in  this  steady  state  term 
should  be  email  for  the  Hydroduci  for  reasonable  vatuos+of  since  tee 
vehicle  is  well  damped  and  4%  is  inherently  large*  Experiments  on  test 
version*  appear  to  bear  out  tee  fundamentally  low  dispersion  characteristics 
of  tee  Hydroduet  as  far  as  symmetrical  dispersions  are  concerned. 

A rather  large  source  of  dispersion  appears  to  be  tea -result  of  random  dif- 
ferences in  thrust  between  Hydroducts  during  tee  test  run.  This  would  hare 
tee  effect  of  assent tally  varying  tee  equilibrium  speed  from  one  vehicle  to  tee 
nart,  and  would  result  mainly  in  dispersions  in  tee  vertical  direction.  Some 
secondary  effect  on  symmetrical  dispersions  might  be  expected  from  varia- 
tions is  the  values  of  Wq  and  £ in  tee  steady  state  dispersion  term  which 
would  result  from  variations  in  equilibrium  speed. 

ml  sad  nag  can  be  shown  to  consist  of  initial  condition  terms  and  terms 
containing  t which  are  independent  of.  ope  another.  Hence,  tee  initial  condi- 
tions fca  themselves  would  not  be  expected  to  contribute  directly  to  dispersion. 
However,  as  pointed  out  above.  If  initial  conditions  result  in  deviations  that 
might  produce  changes  in  tee  characteristic  motion  of  tee  vehicle,  dispersions 
from  manufacturing  tolerances  or  handling  damage  may  be  altered^ 
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Values  of  the  constants  appearing  inthe-eguations  given  in  Appendix  U are 


estimated  to  be  c*  follows: 

6.43  per  rad 

S .. .441  ft3 

it  2.6  ft 

W ii!  it  {“te?1! 

B 112.71b 

V 1.762  ft3 

kj  . . ^ • 029 

*2  .945 

-.  — ■ 

*b  - .20ft 


I 

/ 

I 

I 

I • 


At  the  launching  speed  of  250  feet-persecond  {unburned),  | 

i 

Aj  m -K|  « -178,000  lb 

Ag  m -Kj  * -1845  lb  sec 
As  ft  102  1b 

i'** 

Bl  » C|  - -269.000  lb  ft 
Bj  m Cz  m -4,790  lb  ft  sec 
Bj  w-  -22.5  lb  ft 

I ft  17.6  slug  ft3  (including  victual- inertia)  < 
m i 10  slugs  (including  virtual  ndnass) 

> i 
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With  these  values  the  damping  ratio*  £ , is  approximately  l4 1 and  the  un- 
damped natural  frequency*  is  approximately  25  cycles  per  second.  The 
roots  of  the  characteristic  equation  are  Aj  9 -93  and  Aj  a*  -249.  The 
steady  state  angle  of  attack,  C3,  is  approximately  .00047  radians,  fn  the 
burned  condition  (15  seconds)  at  the  speed  of  250  feet  per  second. 


> 


tit. 


w 

m 

132  lb 

«»n 

= 

30  cps 

m 

m 

7,6  slugs 

kl 

m 

-89 

1 

a 

12.9  slug  ft^ 

*2 

ac 

-376 

l 

a 

1.24 

C3 

w 

.00056  radians 

5 


» 


At  a speed  of  150  feet  per- second  (d  * 500  ft), 

A|  * -64,000  1b  Bi  s -93,300  lb  ft 

Ajt  at  «i,J08  lb  -see  Bj  ■ -2* $80  ib  ft  sec 

In  the  burned  condition, 

C - 1.24 

«*n  «*  18  epa 


4j  5 *57 
A g M -223 


C3  m ,00158  radians 


» 


i 


0 
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APPENDIX  IV. 

* APPROXIMATE  TRAJECTORY  EQUATIONS 


With  the  assumption  of  a very  flat  trajectory,  the  equations  of  motion  in  the 
vertical  pltat  have  been  developed  la  Reference*  4 and  5 into  convenient  ex* 
prestions  for  the  vertical  trajectory  of  the  form 


f 


where 


9 m g«*(W) 
i ■ V cos  r 


8*(W) 


s'ths  - StiT 


l' 


w 


A 


' _ 2V(fcz  - kl) 
’ S<t® 


> 


I 


I • 


I ' 


These  item*,  and  hence  g*,  will  vary  with  the  .weight  aa  fuel  is  burned. 
With  a burning  rate  of  about  5.5  pounds  per  second*  which  corresponds  to  a 
total  burning  time  of  about  16  seconds,  the  expression  for.  g*  becomes: 


g*(t)  * .284  — . 0098t  - .000 133t2  * J. 


t 


integrating  twice, 


y s V0  sin  pt  - g<.I42t*  - .COltot*  - .0000 lit4) 


nrhere  V m angle  of  elevation  of  the  flight  path  at  the  beginning 
of  the  trajectory 
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The  value  of  V is  a function  of  depth  and  also  of  any  deceleration  which 
takes  place  after  launchings  Hence,  a stepwise  integration  is  required  in 
establishing  the  trajectory. 
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APPENDIX  V. 
DECELERATION 


1st 


The  approximate  force  equation  along  the  direction  -of  the  x-axis  of  Fig*  1 


mV  tt  T - D 


The  variation  of  thrust  and  drag  with  speed  for  the  Hydroduct  is  illustrated  in 
Fig,  3 oq  page  13*  This  figure  indicates  that  thrust  varies  approximately  as 
the  speed,  and  drag  varies  approximately  as  the  square  of  the  speed  at  any 
given  depth.  Drag  due  to  angle  of  attack  and  other  higher  order  effects  are 
negligible  for  all  practical  purposes*  Hence,  the  above  expression  can  be 
approximated  in  die  form 


1st 


mV  S hiV  + Lj  V* 
and 


T 

V 


D 

^ " -7* 


These  are  constant  at  any  fixed  depth*.  When  integrated,  this  expression  gives 
at  any  depth. 


T a 


H Vn  .(^lVn) 

1*  * L2  V„  (j  - *(L>t/“,l) 

V *■  final  speed 
Vo  ■»  initial  speed 


At  300  feet  depth,  L|  A 5.0  and  Lg  * -.035.  Using  these  values, 
approximately  eight  seconds  are  required  to  decelerate  fromen  initial  relative 
*P*ed  «t  launching  of  £70  feet  per  second  to  the  equilibrium  speed  for  that  depti 
of  ISO  feet  per  second.  Deceleration  to  250  feet  per  second  at  40  feet  depth  re« 
*ft'm  about  four  seconds.  These  same  values  hold  also  for  the  ease  of  the 
lateral  trajectory. 
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TIP-OFF 


The  approximate  equation#  of  vertical  plana  motion  relative  to  an  axis 
system  find  with  respect  to  the  launcher,  and  with  the  origin  al  the  center 
of  gravity  of  (he  Hydroduct  at  the  instant-the  maximum  diameter  peases  the 
Up  of  She  launcher  t can  be  written! 


m?  « (W  -B)  co#  V - R “ 1*  ■**  Aa  •* 


R a*  launcher  motion 

jot  sr  body  upsetting  moment  am  1 PV*  j~2V-(kg  — hj)J 
V as  initial  angle  of  elevation  of  the  launcher 


\e». 


it  M 


Fig.  3 
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With  the  assumptions  that-  (1)  the  roar  of  the  vehicle  is  supported  to  mac 
along  the  axis  of  the  launcher , (2)  tho  y- coordinate  of  the  point  of  support 

docs  not  change  {rigid  launcher),  and  (3)  no  support  is  provided  by  the  tip 
of  the  launcher  once  the  maximum  diameter  of  the  Hydroduct  passes  it,  the 
condition  of  constraint  becomes: 

y « • It  0 1 

With  those  conditions  end  assumptions , the  equations  can -be  combined  to 
give* 

[l-mi*?]  *l*,f**~B2j  *1  * (-W^.B)ft  com  0O  _ Mfa  - Bib  ...  (3) 

Assuming  that  the  increment-  in  -angle  of  attack  developed  at  the  center  of 
gravity  during  launching  is  small,  -or  Sa0l  which  -is  a known  -effect  of  cross  - 
stream  conditions  at  the  launcher . 


The  solution  of  this  equation -1st 


«l(t)  * 


[-Wr3)«t  coe  0o  - MfO^~  BeJ]  X**»< 

e*  - -r 


^2  -BZ 

i+mlp 


* w [-  •**] 


For  the  Hydroduct  in  launching  condition  at  a speed  of  250  feet  per  second,- 


• l a -.000217  cos  0O  — .000017  . 1505  41, 

01  n -,03S9  cee  0o  - .00259  4-  23.3  a A , 


The  first  two  terms  Inhume  equations  are  the  effects  of  gravity  tip-off  alone* 
The  last  term  is  the  hydrodynamic  tip-off  effect.  For  the  conditions  assumed 
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here,  the  hydrodynamic  tip-off  effect  will  predominate  at  angles  of  elevation 
above  about  1°,  and  can  become  quite  large  at  high  launcher  elevation  and 
launching- submarine  speed. 

In  the  lateral  trajectory  cave..  all  of  the  gravity  and  buoyancy  terms  drop 
cat,  and  only  the  hydrodynamic  *?rm  remains.  Thus,  die  tip- off  effects  for 
launching  off  the  bow  of  a moving  submarine  will  be  more  extreme  than  any 
occurring  in  the  vertical  plane. 

The  equations  of  motion  for  tip-off  shown  above  are  written  with  the 
assumption  that  hydrodynamic  forces  and  moments  are  fully  effective.  This 
is  probably quits' conservative,  sines  blanketing  effects  of  the  launcher  would, 
tend  to  have  the  effect  of  reducing  the  contribution  of  element*  inside  the 
launcher.  Actually,  the  forces  and  moments  ate  probably  tims-dspsndent  as 
tks  vehicle  leaves  the  launcher . Sines  there  is  no  way  to  assess  thass  effects 
at  this  time,  thsy  are  not  Included  in  this  analysis. 

Also,  the  conditions  of  constraint  may  be  altered  by  launcher  design  con- 
siderations, such  as  flexibility  and  clearances;  however,  again  little  is  knowa 
about  die  launcher  design  at  this  time,  and  the  conditions  used  in  this  analysis 
may  not  be  representative  of  the  final  configuration. 

The  increment  in  angle  of  attack  induced  at  the  center  of  gravity  by  rota- 
tional velocities  developed  daring  tip-caff  is  approximately  Neg- 

lecting this  increment  during  tip-off  introduces  errors  of  the  order  of  about 
10%  in  • and  I which,  in  view  of  fit*  other  assumptions  and  approxima- 
tions used,  are  for  all  practical  purposes  negligible.  The  actual  increment 
ha  angle  of  attack  should  he  included  in  the  Initial  angle  of  attack  for  the  tran- 
sient period  following  tip-off. 

A more  exact  solution  could  be  obtained  by  a step-by-step  integration  of 
Eq.  (1)  over  short  time  intervals  during  the  tip-off. 
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® * targat  aspeot  (anglo  off  targat  bo*  or  starn)  - dog 
Ballistic  dijpwraioa  of  Hydrodaot  8 alls 

Syria*  arror  * standard  dsnrlatioei  s 20  ail  a 

Syata*  arror  * standard  d .station  a 50  «ila 


h^" 


— — 

■■—■■■■Big 


Horizontal-  biaa  ~ ails , 

• 

1 

mxJk 

p 

■SULT1(»  I»  HIT  PROaunifT  UftTiaGBT  A.8FWT  AID -BIAS 
SALVO  OP  nVE  HffiftQMJOtB 

SECRET 

Pbge  70  0 1 

> . - - - 

fr-soir  » 

t 


where  V*  « Hydroduct  velocity  relative  to  the  launcher 
Vg  sr  launching  vehicle  velocity  . 

Vjt  ■ relative  velocity  ot  the  Hydroduct  (flight  path) 
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* • • TV*"*  ‘Mj*c*ory.  if  a,. 


vehicle  velocity  vector  lie#  ia  * 


A * * » Angle  of  attack 
s*  m * * eagle  of  Hydroduct  reference  axis 
^ * V **  Hight  peth  eagle 

end  ia  the  leierel  trejectory-, 


**«  Appendix  II 


A s /9 


* eagle  of  yaw 


>W  ss  y ~ 


eagle  of  Hydrodact  reference  axie  - see  Appendix  II 

flight  petit  eagle 


stem 
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APPENDIX  VL 
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EQUATIONS  OF  MOTION 


VERTICAL,  TRAJECTORY 

For  the  purposes  at  this  study,  it  is  suf&cieat  te  consider  the  motion  in  the 
literal  piano  sad  vortical  separately  and  indopendontly.  With  tho  addi- 
tional assumption*  fiut  throat  equals  drag  and  that  tho  angle  of  attack  i*  small, 
tho  aquation*  of  notion  ta  tho  vortical  piano  can  bo  written  a*.  shown  below  with 
tho  assistance  of  tho  static  fores  diagram  of  Fig,  1, 


SB-  Aj<x  + A2«  a-  Aj  ..  .....  ,.  ....  ..  ..  ..  (I) 

» BiO  +Bji  wgj  _ (2) 


whore  ^ 

A,  - -LfV*f£ks„t 

Aj  • -ifV  £Eit  SJL 

Z doc 

Aj  » (t-  B)  coo  y 

Bi  - IpVi^Ok,-,,) 

"*  “ -i  "tt"** 

Bj  m ■ -BJfc 
t m y * <k 


Pa go 
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tag  **i*  ayatec n with  the  x-axia  initially  pointing  along  the  dir  action  of  tha 
rtiofe ire  wind  rector  and  tha  poeiti  ;*  *»axis  pointing  down*  In  theaeexprea- 
tbM,  - -v  - 

dCtr 

-jj»  * lift  carve  slope  of  tha  tail  based  on  frontal  area  of  the 
body 

S m projected  frontal  area  of  body*  ft2 
T as  threat,  lb 

0 • V«bKM:  ft3 
B a bsoyaocy, 

f m mnaa  daaeity  of  sea  water,  slugs/it3 
W m weight,  lb 

m a».  total  maee  3 {incltuiee  rirtoal  mue),  slugs 

1 m total  moment  of  inertia  » Iq  ♦ I^k*,  slug  ft2 

V “ Tirsnal  Inertia}  k*  «*  .84 

SEO 
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k)  • coefficient  of  apparent  mux  for  longitudinal  dnotiou* 
kj  m cotfficliat  of  tpp»  ant  mut  lor  liUrtl  motion* 
kE(«  coefficientaf  body  upsetting  moment  m ^ f«.Q{k2  - kjjj  * lb  ft 

*od  Qua  remaining  t tarns  tr*  defined  la  Appendix  X sad  Figs*  2 sad  2. 

SgmktBk  fa  Aaals  st  Attack 

1- 

With  constant  mass*  {antis,  sad  speed,  Sqs,  (1)  and  (2)  result  in  the  id# 
lowingi 

**  ["55*¥|  “• 

- ° 

This  is  ol  form  & ♦ 2Cs^oc  * w-^oc.  «,  ^2  C3,  the  solution  of  which 
is 

<s(t)  rn  •*&**  Jcif*  - 1 t + ^-^nVe^  - 2 + Cj 

Ci*  and  Cj»  are  evaluated  from  initial  conditions. 

C»se  k With  ernes  current  conditions,  but  no  angular  velocity  at 
laacUai, 

o(t  ■»  0)  — o« 

5(t-0)  - 0 

Horace  Lamb,  Hydrodynamics.  New  York*  ©Over  Publications,  lac.,  1945, 
page  155. 

\ 
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Therefore,  - 0 -*  *o  + ST?  <*o  + 

<1 
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Ir  * 
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c4* 


«b 

, {^v  - A{)' 

r-*i 

A _ 

"*  A ** 

mV*  *2  C3 

AZ  - Xx 

■a*  ^ m 

~h 

«o 

i2  - xi 
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C2 


«e 


awiwiwj  ia  «iia>  aa  -*-■» 

h.  ta  * •«—  fc-  ^,U. 


V-  fa 


r " " A*>ci*  .A>*  - (^  ♦ A2)C2‘  *v 

* (AlCj.AjltJ  -pi^d-  +.  * Ajt  c2j| 


for  large  •*•«. 


>4  = - X*JLSJLi*sl . * (fc.Ai,,2. 

**  ^7777 

2ri*  °**^^*Lf  “*  fiSf*t  t*rm  *•!»*»•»**  the  nue  of  change  of  flight  path 
**•*••  From  mis  expression  it  can  ha m..*  w *“»0‘  **“ 

M«.t  fert^VStL*.  2 «*tt.,K.u»OMIiop,lta,fcB, 


fl«ct  Z “intUM  -nSmtlHwi  '[||j''  j.  **.  "*"**  01  Cl'  *“>  Cj*  will  *•- 

— ZZSttZJSEZt  «.*“'*  wu‘*b*  — - «- 


^ ¥ 

i 


j > 

• ? 


~Aj 
mV  “ 

4. 

l*^ 

» 

^ * *1  C3 

' £ 

h “ *1 

Aj  - Aj 

*®  m 

®o  **• 

~>U  **  Aj 
- «. 

t * 

! L 

1 f .. 
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LATERAL  TRAJECTORY 

The  lateral  equations  of  motion  can  similarly  be  set  up  in  terms  of  the  die-* 
gram  of  Fig.  2 . In  this  case,  the  space  reference  axis  from  which p and/5 
are  measured  is  conveniently  taken  as  the  velocity  vector  of  the  launcher  at 
the  iastat&c £ launching.  The  approximate  equations  for  amall  yaw  are  then 
as  follows* 

Basic  gquatioea 


»Vf  » (3) 

it"  » ♦ egy ....  ..  ..  ..  («) 

where  Ki  si  fV*  $kS: 

2 tiloc 


* i wit  ** 
ci  s i 

C2  = -{ 

t 

Y = Ji\  f 
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‘ r... 


With  constant  «p««d,  mass,  andihartia*  tha  differe^t-il  equation  innyaw  it: 
and  th*  tr«  HmA, 

fi(t)  m # - i t + Cji'  V^d  Vc2  - IV] 

^ SlStS  **** cro**  cu***mt  oondlM«a«,  but»o  angular  velocity  at  launcb- 

y(t  ~o)  • o 


-*-  - 

•W  «H 

p^-A, 

* ' 


1 - Cj” 


**  JZ 5S  c“* 


^(t«Q)  ■*---  ^ 
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ittttfraUoR  of  £^»  (})  jives  for  tha  flight  'path  angle, 

**  **  * SvT  gg  | ^ ♦ Kj)  C|»  •***  * ^ v Kj)  C2»  •*** 

- -%. 

- ♦ KgJC|«  — ♦ K2)  C2*»  j 


» ^»«li«*»oaioe*  « **«*»«  tsrmsin  tfc*  equation,  of  metien* 

A.  an  illustration,  for  the  lateral  pin no  motion, 

»V 

-v 

mV^  w K|Ot  ♦ Kff  ♦ KiK  lift  *4 
% 

1^3  **  C j<t  t +C)|fi  sin«t 

4 *•  •om*  »*«opt*fel«  statistic  of  Us  distribution  of  misaUsnment  or 
as  te  Uo  frequency  of  rotation  of  tbs  Hydroduct  abrnUU  aids  of 
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Tikis  results  in  * sinusoidal  forcing  function  in  the  differential  aquation  for 
sngl*  of  yswj 


$ ♦ 2C<%  * 4^  * C5S  sin 


sad 


4*  mg-e^*4- 


C<S  sin  lot  - g) 


VS7 


Tbt  last  term  represents  tes  steady  state  rains- of  fi,  tiac«  all  other  terms 
dis  out  exponentially.  Tht  coafflciant  in  bracksts  in  this  steady  state  term 
should  bo  small  -for  tea  Hydroduct  for  rsaaonablo  value*  of  u\  since  ths 
vahicls  is  wail  damped  and  is  inherently  large.  Experiments  on  test 
Torsions  nppssr  to  bear  out  tee  fundamentally  tow  dispersion  characteristics 
of  tee  Hydroduct  as  far  aa  symmetrical  dispersions  arc  concerned, 

A rateor  large  source  of  dispersion  appears  to  be  tee  result  of  random  dif-. 
fereacas  to  thrust  betersea  Hydroducts  during  tea  teat  run.  This  would  here 
tee  effect  of  essentially  varying  tee  equilibrium  speed  from  one  vehicle  to  the 
next,  and  would  result  mainly  in  dispersions  in  tee  vertical  direction.  Some 
secondary  effect  on  symmetrical  dispersions  might  bo  expected  from  varia- 
tions in  tee  values  of  <%  and  C to  tea  steady  state  dispersion  term  which 
would  result  from  variations  in  equilibrium  speed. 

®1  and  mg  can  be  shown  to  consist  of  initial  condition  terms  and  terms 
curtaining  S which  ere  independent  of  one  another.  Hence*  tee  initial  condi- 
tions in  themselves  would  not  bo  expected  to  contribute  directly  to  dispersion. 
However,,  as  pointed  out  above,  if  initial  conditions  result  in  deviations  teat 
might  produce  changes  to  tee  characteristic  motion  of  tee  vehicle,  dispersions 
from  raasafeotarinf  tolerances  or  handling  damage  may  be  altered. 
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6.45  pur  Tad 
.441  ft* 
2.6  ft 

ItS  to  (uobuva«d) 
U9  to  ( nomad  ) 

112.71b 

1.762ft* 

.029 

.945 

.20ft 


A*  to*  lawtcbtof  *p**4  *C  250 4*41  p*r  M«oad  <itotm*Mci), 

At  m -K|  ft  -171,0001b 
At  sr  -Kj  * .IMS  to  »ee 
Aj  8 102  lb 

B|  a C|  « -259,000  to  ft 
»2  ■ Cl  "*  -4,790  toft  *«e 
Bj  a -22.5  toft 

I 8*  17,4  *tof*  ft*  (*ttei«4is;  virta^i  isiriia) 
ro  ft  10  alofa  (lactodtof  vtefeui  mass) 
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With  these  nluM  the  diutpisg  ratio,  H,  ii  approximately  1,1  and  the 
undamped  natural  frequency,  <on,  4s  approximately  23  eyelas  par  second. 
The  roots  of  the  characteristic  equation  are  Xi  m -93  and  Ag  «•  -249.  The 
steady  stats  angle  of  attack,  Cj,  is  approximately  .00047  radians.  In  the 
burned  condition  (13  seconds)  at  the  speed  o i 230  teat  per  second. 


m 


W » 132  1b 
tr  * 7.3  shags 
I ft  12*9  slug  ft? 
C » 1.24 


* 30  cps 
Aj  * -89 
Ag  = -378 
C j ■ . 00058  radians 


At  a speed  of  150  feet  per  second  (d  m 300  ft), 

Ai  Si  -84,0001b  Bj  as  -93,390  lb  ft 

Aj  at  -1,1061b  sec  Bz  * -2,880  lb  ft  see 

in  the  burned  condition. 


C - 1.24 
a-  18  ope 


*1 

*2 


-37 

-223 

.00158  Jadiana 


• < 


With  the  assumption  of  sreryTUi  trsjectenr,  th*  equation*  of  motion  in  the 
vntiui  pUum  hxvm  besn  developed  in  Reference*  4 cad  4 into  eawrolwi  «e- 
jstuifiM  for  tits  vtriieal  trajectory  of  tbs  form 


y - t i^w) 

4 m V com  y- 


These  items,  sad  hones  g*,  will  vary  with  tbs  weight  ns  fast  is  burned. 
With  m btndsf  ret*  of  about  5.5  pounds  per  second,  which  corresponds  to  s 
total  bunting  time  of  shout  18  seconds,  tbs  expression  for  g*  becomes! 

f*C#  « .2«4  - .00481  - .000l35f2  - J 

Integrating  twice. 


y »-  V*:  sin  ft  -jk  142t* - .OOttJf*  - .000011 1*) 


where  ) ■ angle  of  eierstien  of  the  slight  path  s*  the  beginning  of 
the  trajectory 


The  vain*  of  V U • function  at  depth  aodeiao  of  any  deceleration  which 
take*  place  after  launching*  Hence,  a atepwise  integration  it  required  in 
eatabliahiag  the  tnjtdory. 
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appendix  V 


DECELERATION 


The  approximate  to rec  equation  along  the  direction  of  the  x«axis  c£  Fig.  I 
Sat 


m<F  as  T - D 


The  variation  oflhrust  and  drag  with  speed  for  tha  Hydroductis  Ulasrraied  la 
Pig.  3 on  paga  13.  This  figure  indicates  that  thrust  variaa  approximately  as 
ft*  apaad,  and  drag  variaa  approximately  as  tha  square  of  tha  apaad  at  any 
|Iw#  depth.  Drag  due  to  aagl a of  attach  and  other  higher  order  affects  are- 
negligible  far  all  practical  purpose#.  Hence,  the  above  expression  can  be 
approximated  in  tha  form 


L4V  v Lj  Y2 

sad  Lg 

- 


2 • 4 


These  are  constant  at  any  fixed  depth.  When  integrated,  this  expression  gives. 


V * fcj  yQ  efrltAn) 
♦ Lg  Vo  (l  - 


V-  ar  final  spaed 
V s initial  speed 


At  300  fast  depth,  bt^t  l,0  and  Lg  3 ..011.  Using  these  values, 
approximately  eight  seeonds  are  repaired  to  decelerate  from  an  initial  reia* 
ttvo  speed  at  launching  of  370  feet  per  second  to  the  equilibrium  speed  for  that- 
depth  of  130  feet  per  second.  Deceleration  to  250  fed  per  second  at  40  feet 
depth  requires  abed  sour  seconds.  These  asms  values  hold  also  for  the  case ■. 
of  Lateral  trajectory. 
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APPENDIX  VI 


TIP-OFF 


TSm  mptwteaU  aquations  of  wrtietl  plan*  mottos  relattva  to  tha  axis 
system  fixsd  with  rat  poet  to  tha  launchar,  and  with  tha  origin  at  tha  cantor 
of  gravity  of  ttsa  Hydroduct  at  tha  instant  tha  maadmom  diamatar  passes  tha 
Up  of  tho  launcher,  oca  ha  written* 


mp  » (W  - B)  cos.  jfo  - R - Aj-6j  . . — .....  ..  (I) 

lit  s Iffoc  - Sj  *i  - Bff,  - Hit  - Lit ..  ..  (2) 


shart 


R - 


launcher  reaction 


body  upsetting  moment  ■ 


| pV^^2Q<kj  r 


«, 


initial  aagia  of  elevation  of  tha  ionnehsr 


With  the  assumptions  that  (X)  the  rear  of  the  vehicle  is  supported  to  move 
aloof  the  axis  of  the  launcher,  (2)  the  y- coordinate  of  the  point  of  support 
doee  not  change  (rigid  launcher),  end  (3)  no  support  is  provided  by  the  lip 
of  the  launcher  once  the  maximum  diameter  of  the  Hydroduct  pea  see  it,  the 
condition  of  constraint  becomes: 

y mr  -f{  tj 

With  these  conditions  sad  assumptions,  the  equotions  cea  be  combined  to 
give: 

jj  * - (-W  ♦ B)I^com  +•  Mfoc  ~ 8/^  ..  (3) 


Assuming  that  the  increment  is  angle  of  attack  developed  at  the  center  of 
gravity  during  launching  is  smell,  a St  a*.  which  ie  a known  effect  cf  cross 
stream  conditions  at  the  launcher. 

The  solution  of  this  equation  isc 


w lirw  - * + *****  - f ^t-Bg 

jA2ft-Bg4 


5 

Zi*L 


♦ zjt 


For  the  Hydroduct  In  launching  condition  at  a speed  -of  250  foot  per  second* 

•i  * -.00021?  cos  % - .0000 IT  e .1505  <x0 (4) 

0|  m -.0339  cos  >0  - ,0«J259  ♦ 23.3  a*  ..  (5) 


The  first  two  terms  in  these  equations  are  the  effects  of  gravity  tip-off  alone. 
The  last  term  is  the  hydrodynamic  tip-off  effect.  For  the  condition*  assumed 
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here,  the  hydr$«dynamie  tip-off  effect  will  predominate  a-..  .ingle*  o(  < i w 
above  about  1°,  and  car*  become  quite  large  at  high.  laur.ch«r  elevati-c 
launching- submarine  speed. 

In  the  lateral  trajectory  caae*  all  of  the  gravity  and  buoyt*  cy  tar rn : 
ont,  and  only  the  hydrodynamic  term  remains.  Thus,  the  tip-off  cffac.. 
launching  off  the  bow  M a moving  aubmarine  will  be  more  extreme  thm. 
occurring  in  the  vertical  plane. 
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AT 
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The  equatione  of  motion  for  tip-off  shown  above  are  written  with  th« 
assumption  that  hydrodynamic  forces  and  moments  are  fully  effective, 
ia  probably  quite  conservative,  since  blanketing  effect?  of  th«  launch*! 
tend  to  have  the  effect  of  reducing  the  contribution  of  elements  inside  r 
launcher.  Actually,  the  forces  and  moments  are  prcb&bly  time-deper,  _ 
the  vehicle  leaves  the  launcher.  Since  there  i.i  no  way  to  assess  then  f itnt 
at  this  time,  they  are  not  included  in  this  analysis. 

Also,  the  conditions  of  constraint  may  be  altered  by  launcher  des\i 
siderations,  such  as  flexibility  and  clearances;  however,  again  little  i*n  con~ 
about  the  launcher  design  at  this  time,  and  the  conditions  used  in  thul is  n 
may  not  be  representative  of  the  final  configuration. 

The  increment  in  angle  of  attack  induced  at  the  cet<  rr  of  gravity  i 
tional  velocities  developed  during  tip-off  is  approximately  -Ql^/vA7  roca~ 
lecting  this  increment  during  ti{feoff  introduces  errors  of  the  order  ot 
10%  in  0 and  6 which,  in  view  of  the  other  as  sum*  ion*  and  appr$  about 
tions  used,  are  for  all  practical  purposes  negligible.  The  actual  incry**1”®- 
in  angle  of  attack  should  be  Included  in  the  Initial  angl : of  attack  for  tl\em'en<: 
aient  period  following  tip-off.  *«  tran- 


A more  exact  solution  could  be  obtained  by  a step-by-step  integr 
Eq.  (3)  over  short  time  intervals  daring  the  tip-off.  *"  ^ “ 
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